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RAPID DYNAMIC HEADSPACE CONCENTRATION AND 
CHARACTERIZATION OF SMOKELESS POWDER USING DIRECT 
ANALYSIS IN REAL TIME – MASS SPECTROMETRY AND OFFLINE 
CHEMOMETRIC ANALYSIS 
 
FREDERICK LI 
ABSTRACT 
Improvised explosive devices (IEDs) are charged devices often used by terrorists 
and criminals to create public panic. When the general public is targeted by an act of 
terrorism, people who are not injured or killed in the explosion remain in fear until the 
perpetrator(s) has been apprehended. Methods that can provide investigators and first 
responders with prompt investigative information are required in such cases. However, 
information is generally not provided quickly, in part because of time-consuming 
techniques employed in many forensic laboratories. As a result, case report turnaround 
time is longer. Direct analysis in real time - mass spectrometry (DART-MS) is a 
promising analytical technique that can address this challenge in the Forensic Science 
community by permitting rapid trace analysis of energetic materials.  
The builder of an IED will often charge the device with materials that are readily 
available. The most common materials employed in the construction of IEDs are black 
and smokeless powder. However, other materials may include ammonia- or peroxide-
based materials such as common household detergents. Smokeless powder is a propellant 
that is readily available to civilians. They are typically used for reloading ammunition 
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and are sold in large quantities each year in the United States. Some states have stricter 
regulations than others but typically a firearms license is all that’s required to possess 
smokeless powder. Smokeless powder is considered a low explosive which is capable of 
causing an explosion if a sufficient quantity is deflagrated inside a confined container.  
The most commonly employed confirmatory techniques for the analysis of 
smokeless powder are gas chromatography-mass spectrometry (GC-MS) or liquid 
chromatography-mass spectrometry (LC-MS). These methods often require extensive and 
time-consuming sample preparation procedures to prepare the powders for analysis. In 
addition to lengthy sample preparation procedures, GC-MS and LC-MS often require 
chromatographic separations that can range anywhere from 5 to 30 minutes or longer per 
sample. Ion mobility spectrometry (IMS) is widely used for the field analysis of 
smokeless powder and can provide faster results in comparison to GC-MS or LC-MS. 
However, identification is limited to drift time and no structural information is provided 
unless coupled to a mass spectrometer. 
In an effort to accelerate the speed of collection and characterization of smokeless 
powder, an analytical approach that utilizes novel wire mesh coated with Carbopack
TM
 X, 
dynamic headspace concentration and DART-MS was evaluated to determine if the 
approach could generate information rich chemical attribute signatures (CAS) for 
smokeless powder. Carbopack
TM
 X is a graphitized carbon material that has been 
employed for the collection of various volatile and semi-volatile organic compounds. The 
goal of using Carbopack
TM
 X coated wire mesh was to increase the collection efficiency 
of smokeless powder in comparison to traditional swabbing and swiping methods. DART 
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is an ambient ionization technique that permits analysis of a variety of samples in seconds 
with minimal to no sample preparation and offers several advantages over conventional 
methods.  
Heating time, heating temperature and flow rate for dynamic headspace 
concentration were optimized using Hodgdon Lil’ Gun smokeless powder. DART-MS 
was compared to GC-MS and validated using the National Institute of Standards and 
Technology reference material 8107 (NIST RM 8107) smokeless powder standard. 
Additives and energetic materials from unburnt and burnt smokeless powders were 
rapidly and efficiently captured by the Carbopack
TM
 X coated wire mesh and successfully 
detected and identified using DART-MS. The DART source temperature was evaluated 
with the goal of providing the most efficient desorption of the analytes adsorbed onto the 
wire mesh. 
For this to be a robust approach in forensic analysis, chemometric analysis 
employing predictive models was used to simplify the data and increase the confidence of 
assigning a mass spectrum to a particular powder. Predictive models were constructed 
using the machine learning techniques available in Analyze IQ Lab and evaluated for 
their performance in classifying three smokeless powders: Alliant Reloder 19, Hodgdon 
LEVERevolution and Winchester Ball 296. The models were able to accurately predict 
the presence or absence of these three powders from burnt residues with error rates that 
were less than 4%. 
This approach has demonstrated the capability of generating comparable data and 
sensitivity in a significantly shorter amount of time in comparison to GC-MS. In addition, 
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DART-MS also permits the detection of targeted analytes that are not amenable to GC-
MS. The speed and efficiency associated with both the sample preparation technique and 
DART-MS, and the ability to employ chemometric analysis to the generated data 
demonstrate an attractive and viable alternative to conventional techniques for smokeless 
powder analysis. 
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1. INTRODUCTION 
 Domestic terrorism involving the use of improvised explosive devices (IEDs) 
creates public panic resulting in a need for instrumentation that can rapidly detect and 
identify the energetic materials used in the creation of these devices in order to promptly 
provide investigators with probative information. When a bombing incident is an act of 
terrorism, the target of IEDs is usually larger than the physical location of the explosion 
since the goal is often to instill fear or panic among the general population. The fear 
remains in those who are not injured or killed until the terrorist(s) is found and 
apprehended
1
.  
Analysis of IEDs may provide the possibility of identifying or at minimum, 
linking the device to the fabricator if the starting materials are identified. The architect of 
an IED will often design the device to best utilize the materials that are readily available. 
These may include common household items that contain energetic materials (ammonia- 
or peroxide-based materials), components of ammunition, fertilizers, etc. However, 
domestic IEDs are typically constructed using black powder or smokeless powder
1-2
. 
Current approaches to the investigation of post-blast scenes involving IEDs entail 
recovering parts and fragments of the original device, post-blast residues, and/or any 
partially consumed or unconsumed energetic materials used to charge the device. This is 
followed by laboratory examination and analysis of the recovered evidence items using 
various chemical and instrumental techniques in an effort to identify the materials used to 
charge the device. 
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 The current approaches for the analysis of IEDs, particularly those involving the 
use of smokeless powder, are viable and have been well established. However, more 
advanced methods that are capable of providing faster analytical results comparable to 
current methods are desirable. This research project, funded by the Department of 
Homeland Security (DHS), was aimed to enhance the current methods for smokeless 
powder analysis by reducing the time required for sample collection and analysis. This 
was achieved by exploring the capabilities of direct analysis in real time – mass 
spectrometry (DART-MS), a recent technique that has been demonstrated to provide 
analytical results in seconds. 
1.1. Explosives Chemistry in Improvised Explosive Devices 
 An explosive is a reactive and energetic substance that is capable of producing an 
explosion, an event that generates a pressure wave as a result of a sudden increase in 
volume. A sudden increase in volume is often generated by the production of gases 
through a chemical reaction; however, it can also be generated from a nuclear reaction. A 
chemical explosive is an energetic compound or a mixture of energetic compounds that 
undergoes a spontaneous and exothermic chemical reaction when initiated with the 
application of heat, shock, friction, or impact. This thermodynamically favorable and 
self-propagating reaction produces a tremendous amount of heat and energetically stable 
gases, such as nitrogen. These compounds contain oxygen within their molecular 
structure to supply the reaction with oxidizers since atmospheric oxygen is not always 
sufficient. They also typically contain nitrogen because the formation of nitrogen gas, an 
inert and energetically stable gas, releases a tremendous amount of energy. Some 
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examples of these compounds include various nitroaromatics, nitrate esters, nitramines, 
and others
3-4
. 
 Explosions may be categorized by the velocity of the pressure wave produced 
from the rapid expansion of volume. An explosion that is the result of a pressure wave 
traveling at a speed less than the speed of sound (331 m/s, subsonic) is categorized as 
deflagration. Conversely, an explosion is categorized as denotation if the pressure wave 
travels at a speed greater than the speed of sound (supersonic). Explosives, such as 
propellants, that deflagrate are considered low explosives whereas explosives that 
detonate are considered high explosives. High explosives may be further classified 
according to their sensitivity to shock, heat, friction, or impact. Primary explosives, such 
as triacetone triperoxide (TATP), can be detonated by a relatively small amount of heat 
or pressure. Secondary explosives, such as trinitrotoluene (TNT) and research 
development explosive (RDX), are relatively insensitive and are often initiated using 
primary explosives. Tertiary explosives are very insensitive to shock or heat and often 
can’t be reliably detonated with primary explosives. These materials often require booster 
charges to initiate detonation. Ammonium nitrate fuel oil (ANFO), for example, is a 
common tertiary explosive and can be detonated using an explosive train in which 
explosives are organized from the most sensitive materials to the least sensitive materials. 
The detonation wave generated from the first primary explosive will shock the booster 
charge, causing the main charge to detonate
3
. 
 “Improvised explosive devices” is a term that refers to clandestinely fabricated or 
modified explosive devices
3
. These devices are typically made from readily available 
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precursors that are relatively cost efficient, such as smokeless powder, by builders with 
sufficient knowledge of explosives. These devices are often constructed from metal 
pipes, cans, or glass and plastic bottles that are filled with smokeless powder
1
. Nails, 
bolts, tacks and other metal debris may be taped to the outside or the inside of the 
container to increase the damage produced. An initiation system is often employed to set 
off the device. Some examples of such systems include cigarettes or matches imbedded in 
the powder, fuses and black powder charges. More elaborate systems may include timing 
devices, remote triggering devices and triggering devices that are designed to be set off 
by the victim
1
.  
1.2. Chemistry of Smokeless Powder 
Propellants and explosives are composed of energetic materials that produce high 
temperature gaseous products to provide propulsive or destructive forces
4
. Smokeless 
powder is a class of propellant widely used for civilian sport and recreational purposes 
throughout the United States
1, 5
. They are primarily used in the manufacturing of 
ammunition and for the reloading of ammunition; however, they are also used in muzzle-
loading firearms, rocket ammunition, fireworks, pyrotechnics, etc.
1, 6
 Approximately 10 
million pounds of commercial smokeless powders are produced and sold every year in 
the United States
1, 5-6
. Roughly 70% of this quantity is sold to original equipment 
manufacturers (OEMs) to be used in the production of ammunition and the remaining 
amount is sold in canisters to reloaders for personal use
1
. In addition to civilian use, 
smokeless powders are also used in the military, typically in large-caliber guns
1
. 
Smokeless powders are not truly “smokeless” as the term implies. The “smoke” products 
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produced when they are used in ammunition are much cleaner and leaves behind minimal 
residue in comparison to black powder
1, 5
.  
 
Figure 1: Microscopic images of Alliant Red Dot (A), Hodgdon LEVERevolution 
(B), Winchester Ball 296 (C), IMR 7828 (D) and Alliant Reloder 19 (E) smokeless 
powder, depicting the different morphologies associated with smokeless powder. 
Smokeless powders are produced by manufacturers in a variety of shapes and 
sizes to achieve an intended and specific performance, as depicted in Figure 1. Surface 
area per unit mass is an important variable and key characteristic for determining the 
overall burn rate
1, 3-5
. Common shapes include flattened ball, disc, tube and rod shapes as 
well as others, the dimensions of which can be optimized to achieve predictable and 
repeatable performances
1
. Figure 2 illustrates some of the different morphologies that 
ultimately dictate, in part, the powder burn rate and use.  
   
6 
 
 
Figure 2: Various shapes that powder granules are manufactured to optimize 
surface area for specific applications. 
In addition to optimizing the morphology, the chemical composition can also be 
tailored to produce very specific performance characteristics. Propellant granules may be 
coated with various chemical additives such as burn-rate modifiers, flash suppressants, 
deterrents, opacifiers, stabilizers and plasticizers in order to control and achieve specific 
performance characteristics and increase shelf life
1, 3-5
. Stabilizers, such as diphenylamine 
(DPA), methyl centralite (MC) and ethyl centralite (EC), prevent the nitrocellulose (NC) 
and nitroglycerin (NG) in smokeless powder from decomposing by neutralizing the acids 
that are produced from decomposition
5, 7
. Plasticizers, such as dibutyl phthalate (DBP), 
dinitrotoluene (DNT) and nitroglycerin, soften the powder and reduce hygroscopicity
5, 7
. 
Flash suppressants reduce secondary flash, deterrents reduce initial burning rate and 
ignitability, and opacifiers enhance reproducibility and burning rate. They may also be 
glazed with graphite and bore erosion coatings to reduce sensitivity to ignition by static 
electricity and heat transfer to the barrel of a firearm
1, 5-7
.   
 Smokeless powders are classified as single-base, double-base, or triple-base 
according to the chemical composition of their energetic components. A single-base 
Rod
Tube
Disc
Perforated Disc
Lamel
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smokeless powder contains nitrocellulose as the energetic material whereas a double-base 
powder contains nitrocellulose and typically nitroglycerin. As with double-base powders, 
triple-base smokeless powders also contain NC and NG in addition to a third energetic 
ingredient, which is typically nitroguanidine (NQ). Triple-base powders are commonly 
used in large caliber military grade weapons
1, 5, 7
 and are not sold to the general public. 
The percentages of these energetic components in addition to the plasticizers, stabilizers, 
deterrents, opacifiers and flash suppressants are all varied to achieve specified 
performance characteristics
1, 3-6
. 
 Smokeless powders are manufactured by two distinct types of processes which 
results in two different morphologies: smokeless extruded powders and smokeless ball 
powders
1
. For extruded powders, the major ingredients in the desired percentages are 
mixed together with solvents to form a dough which is subsequently compressed and fed 
into the extrusion process and cutting machine to produce granules of various sizes and 
shapes. In double-base powders, the major ingredients are NC and NG. The solvents are 
then extracted, and various coatings, such as graphite and deterrents, are applied to the 
surface. Ball powders are manufactured similarly except only NC is initially mixed with 
solvents to form a dough. The dough is extruded and precipitated into spherical granules. 
NG is then impregnated into the granules. After manufacturing, the ballistic performance 
of the powders is tested by loading the powder into the intended type of ammunition and 
conducting a series of test fires. If necessary, adjustments are made by blending different 
batches to obtain the desired performance
1
. 
   
8 
 
In the context of explosives, smokeless powders are low explosives that are 
capable of deflagration
1
. An explosion does not occur with smokeless powder under 
normal circumstances. However, if a sufficient quantity of smokeless powder deflagrates 
in a confined container, such as an IED, the confined deflagration can progress to a 
detonation and produce what it is termed as a “high order” explosion3, 8. The detonation 
wave results from a positive feedback cycle of increasing pressure waves. When 
combustion of smokeless powder begins in a container, heat and compressed gases are 
first generated. The gases propagate outward, increasing the pressure within the 
container. The resulting pressure establishes a positive feedback such that each new 
pressure wave moves faster than the previous one because the gases produced in 
successive combustions are hotter
3, 8
. One of these pressure waves will eventually exceed 
the speed of sound and thereby detonate the device. Nitroglycerin in smokeless powder, 
for instance, can reach detonation speeds of 7300 m/s when confined
3, 8
. 
1.3. Current Methodologies 
  A variety of analytical methods have been employed and investigated for the 
analysis of the organic components in smokeless powder, including gas chromatography 
(GC) coupled to detectors such as mass spectrometry (MS), electron capture detector 
(ECD) and thermal energy analyzer (TEA)
3, 7, 9-10
. Other methods include liquid 
chromatography-tandem mass spectrometry (LC-MS-MS)
3, 7, 11-12
, capillary 
electrophoresis (CE)
2-3, 7, 13-15
, thin-layer chromatography (TLC)
7, 16
, fourier transform 
infrared spectroscopy (FTIR)
3, 7, 16
, raman spectroscopy
7, 17-18
, high performance liquid 
chromatography (HPLC)
3, 7, 16
, ion mobility spectrometry (IMS)
3, 7, 19-20
 and desorption 
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electrospray ionization (DESI)
7, 21-22
. Of these methods, GC-MS and LC-MS are the most 
widely employed analytical separation and detection techniques
5-7
 in many laboratories. 
IMS is also widely used as an analytical technique when portability is desired
7, 23-24
.  
 1.3.1. Analysis of Smokeless Powder by GC-MS and LC-MS 
 GC-MS, the workhorse instrument in many forensic laboratories, is a two-part 
system consisting of a chromatographic separation step used for resolving individual 
components in a mixture based upon differences in boiling points and the affinity for the 
stationary phase, and a mass spectrometric detection step in which analytes are ionized 
and detected based upon their mass-to-charge ratio (m/z). It is one of the most commonly 
employed techniques for the analysis of smokeless powder; however, it has limitations 
imposed by molecular weight, volatility, polarity, and thermal decomposition issues
3
. 
Several additives in smokeless powder, such as DPA, nitroso derivatives of DPA and 
NG, have low thermal stabilities. They often thermally decompose in the injection port of 
the GC, making their detection challenging
9, 16
. 
 LC-MS is often employed to alleviate the thermal decomposition issue associated 
with GC-MS. Similar to GC-MS, LC-MS is also a two-part system that consists of a 
chromatographic separation step and a mass spectrometric step. Unlike GC-MS, 
however, analytes are analyzed in the liquid phase. Analytes are not vaporized into the 
gas phase, thereby permitting analysis of thermally labile components in smokeless 
powder. 
 Although LC-MS has been demonstrated as a viable technique for the analysis of 
smokeless powder, the instrumentation is often expensive. Not every forensic laboratory 
   
10 
 
has the resources for such instrumentation and most laboratories employ GC-MS. Like 
GC-MS, LC-MS exhibits a similar limitation in that it also requires significant analysis 
time because of the chromatographic separation step. A given LC-MS or GC-MS method 
may require a chromatographic separation time of 5-30 minutes or longer depending on 
the targeted analytes, column type, column dimensions, flow rate, etc. As an example, 
Joshi et al. reported a GC-MS method for smokeless powder that required a 
chromatographic separation of 29.3 minutes
6
 and Laza et al. reported a LC-MS method 
that required 20 minutes
11
. 
In addition to a lengthy analysis time, the sample preparation associated with both 
techniques is often extensive and also time-consuming. MacCrehan and Reardon reported 
methods used by military and academic laboratories, as well as state, federal and 
international forensic agencies to prepare two pre-blast smokeless powders for analysis 
by GC-MS and LC-MS
16
. One method entailed dissolving the powders in acetonitrile for 
three days in preparation for analysis by LC-MS. Other reported methods for LC-MS 
required overnight extraction of the powders using methanol. For GC-MS, powders were 
dissolved in either acetone or dichloromethane (DCM), and one laboratory reported a 15-
minute preparation time.  
 1.3.2. Analysis of Smokeless Powder by IMS 
 Ion mobility spectrometry (IMS) is widely employed in the field detection of 
explosives, including smokeless powder, because of its speed, sensitivity and portability
3, 
6-7, 24
. It is a gas-phase form of electrophoresis that separates ions and molecules on the 
basis of their size-to-charge ratio as opposed to mass-to-charge ratio
3
. The size of the ions 
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dictates how fast they move through an electric field, which is referred to as the drift 
time. Analytes are typically ionized by a series of chemical reactions with ionized 
atmospheric molecules, such as water and oxygen, which are generated from the 
interaction with beta particles emitted by a radioactive nickel-63 (
63
Ni) source
3
. It can be 
operated in either positive ion or negative ion mode. Energetic components of smokeless 
powders are detected in the negative ion mode. In negative ion mode, reactions involving 
proton abstraction, fragmentation and charge transfer create [M]
-, [M-H]
-
 and nitrite 
(NO2
-
)
 
ions
3
. Dopants such as DCM can be introduced to produce [M+Cl]
-
 ions to 
increase selectivity and reduce background interference
3
. Though this technique is rapid 
and sensitive, IMS requires additional sample preparation and identification is limited to 
drift time. Unlike mass spectrometric methods, IMS does not provide any structural 
information unless it is coupled to a mass spectrometer.  
Smokeless powder is primarily detected by IMS using the swipe method in which 
various polymeric traps, such as polytetrafluoroethylene, are used to swipe a surface 
containing post-blast residues 
6, 20, 25
. However, the swiping of smokeless powders results 
in large nitro peaks and interferences collected from the surface. IMS is prone to 
interfering agents and has low resolution, leading to higher frequencies of false positives 
and false negatives
7, 24
. 
1.4. Direct Analysis in Real Time 
 Direct analysis in real time (DART) is an atmospheric pressure ionization 
technique that was invented in 2003 by Robert Cody and James Laramee
26
. It is a very 
versatile technology, permitting instantaneous ionization of chemicals upon contact with 
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solids, liquids and gases under ambient conditions with minimal or no sample preparation 
and providing analytical results in seconds
27
. Unlike common chromatographic systems, 
sample introduction with DART is not limited to liquid infusion or injection. Depending 
on the application, a variety of sample introduction methods are available. Solid samples 
such as tablets/pills
28-30
, drywall
31
, plant material
32-33
, among others, can be analyzed 
directly by holding the material in the desorption ionization region with tweezers. Liquid 
samples can be analyzed after being applied to the surface of glass capillaries
32, 34
 or 
IonSense, Inc. QuickStrip
TM
 cards
35
, which are cards that contain bare metal wire mesh. 
Gases can be first concentrated onto SPME fibers or other adsorbents such as wire mesh 
coated with an adsorbent material followed by thermal desorption. 
 
Figure 3: A schematic of the DART-SVP ionization source depicting the formation 
of metastable species. Figure courtesy of IonSense, Inc. 
 A DART-Standard Voltage and Pressure (SVP) ionization source was employed 
for this work. It is comprised of an atmospheric pressure chamber for carrier gases 
(typically helium or nitrogen), a first electrode, a counter-electrode, and a high voltage 
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needle for creating corona or glow electric discharge in the carrier gas causing the 
formation of ions, electrons and neutral excited-state metastable species
26
; a heated gas 
region to assist thermal desorption; a perforated grid electrode to remove ions of opposite 
polarity formed by Penning ionization thereby preventing ion-electron recombination; 
and a ceramic cap located at the atmospheric exit aperture to protect the sample and 
operator from any exposure to the grid electrode
27
, as depicted in Figure 3. An analyte on 
a sample substrate is positioned in between the gas stream containing excited-state 
metastable species and the mass spectrometer where it interacts with the metastable 
species in open air. Ionization is achieved by simultaneously vaporizing and ionizing 
liquids or desorbing and ionizing semi-volatiles and volatiles directly from solid surfaces 
with the stream of heated excited-state metastable species
33
.  
Different ionization mechanisms can occur depending on the nature of the carrier 
gas, analyte concentration and ion polarity
27
. Although the DART ionization mechanisms 
are not fully understood, it has been proposed that metastable species produced from 
helium primarily initiate a cascade of ion-molecule reactions with atmospheric water to 
provide protonated water clusters, which in turn transfer a proton to the analytes that have 
a higher affinity for protons than the ionized water clusters, a process known as Penning 
ionization
27
. This process is relatively soft, resulting in the formation of abundant 
[M+H]
+ 
molecular ions. The ionization mechanism when helium is used as a carrier gas is 
described in Equations 1-4. 
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 He* + H2O  H2O
+ + He + e
-
        Equation 1 
  H2O
+ + H2O  H3O
+
 + OH
        Equation 2 
  H3O
+
 + nH2O  [(H2O)nH]
+
                                         Equation 3 
[(H2O)nH]
+
 + S  SH+ + nH2O                                      Equation 4 
An excited He atom first collides with an atmospheric water molecule and ionizes 
it, producing an ionized water molecule, a neutral He atom and an electron (Equation 1). 
The ionized water molecule subsequently undergoes several chemical reactions with 
other neutral water molecules in the atmosphere, resulting in the formation of a 
protonated water clusters (Equations 2, 3). Similar to atmospheric pressure chemical 
ionization (APCI), the protonated water cluster finally interacts with the analyte (S), 
forming a protonated molecule (Equation 4). This reaction will only occur if the 
ionization energy of the analyte molecule is lower than the internal energy of the excited 
He metastable species, which is 19.8 eV
27, 36
. 
                                     O2
- + S  S- + O2                                                                   Equation 5 
O2
- + S  [S-H]- + O2H                                    Equation 6 
             O2
- + S  [S+O2]
-                                            Equation 7 
In addition to producing positively charged ions, negatively charged ions can also 
be produced via electron capture mechanisms. Free electrons are produced from gases 
that are capable of forming metastable species of sufficient internal energy, such as 
helium
27, 37-38
, by Penning ionization of a neutral (Equation 1). Free electrons are also 
produced when metastable species interact with a surface such as the exit electrode
27
. 
Free electrons are either captured by the electrophilic analytes to form negatively charged 
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ions or by atmospheric oxygen to form negatively charged oxygen molecules
27, 37-38
. 
Analytes can undergo three types of reactions with negatively charged oxygen molecules 
to form negatively charged ions, which is described in Equations 5-7
27
. 
Different ions are formed by DART depending on the nature of the carrier gas, 
ion polarity, and whether dopants are present. Dopants refer to chemical modifiers that 
influence the ion-molecule chemistry of analytes when introduced into the ionization 
region. In positive ion mode, protonated [M+H]
+
 molecular ions are produced. Various 
adducts such as [M+NH4]
+
 can be formed when, for instance, ammonium hydroxide is 
placed near the DART source. In negative ion mode, [M-H]
-
 ions are predominantly 
produced for most compounds. Negatively charged ions [M]
- are observed for some 
compounds such as TNT and NG. Other adducts such as [M+Cl]
-
 are observed when a 
suitable dopant, such as methylene chloride, is introduced. Fragment ions are sometimes 
observed for compounds with sufficiently large enthalpies of formation to drive the 
reaction
27
. Fragmentation can also be induced with in-source collision-induced 
dissociation (CID) by increasing the voltage on orifice 1 in the mass spectrometer 
atmospheric pressure interface
27
. This capability permits the analyst to identify unknown 
compounds with a higher degree of certainty and/or an additional level of confidence. 
Although DART is a relatively new technique, it has been employed in a number 
of applications and demonstrated to be capable of ionizing a variety of materials 
including drugs
28-30, 39
, synthetic cannabinoids
32-33
, chemical warfare agents
34
, nerve 
agents
40-41
, explosives
24, 42-43
, among many others
44
. It has been demonstrated to offer 
many advantages, which include, but are not limited to, reduced sample preparation and 
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sample analysis time. The DART source can be interfaced to a number of MS 
instruments including quadrupole ion trap, single quadrupole, triple quadrupole and time 
of flight mass spectrometers
28, 39, 42-43
. It can be positioned at various angles to allow for 
better ionization of certain samples such as those in 96-well plates or those on large, non-
porous substrates that would otherwise impede the gas flow. DART analyses can often be 
performed in seconds, significantly enhancing sample throughput in comparison to 
current methods and can provide investigative information shortly after samples are 
collected. 
1.5. Objective of Thesis 
 More than 90 percent of the deaths and 80 percent of the injuries caused by pipe 
bombs that employ smokeless powders occur in locations, such as apartments, vehicles, 
parks and open areas, where security screening is not typically present
1
. The lack of 
viable detection systems in these areas underscores the need for technologies that can 
assist law enforcement personnel with investigating the scene and prosecuting the 
offenders
1
. 
During a scene investigation of a post-blast bombing incident in which smokeless 
powder was employed, it is common to recover parts and fragments of the original 
device, such as the original container used to contain the powder
1
. These parts and 
fragments may contain residues of the smokeless powder used to charge the device. In 
addition, unburnt and/or partially burnt powder and products of the chemical combustion 
reaction may also be present
1
. The recovered evidence can enable identification of the 
smokeless powder used to charge the device. Although smokeless powders are tailored to 
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achieve specific performances, smokeless powders produced to achieve the same ballistic 
properties by different manufacturers may have different formulations. Different brands 
may contain different additives or the same additives in differing concentrations, thus 
creating a set of identifiers that can be used as chemical attribute signatures (CAS) for a 
particular powder with respect to its manufacturer and/or production lot. The ability to 
accurately determine the CAS from smokeless powder can identify the presence of 
smokeless powder as the source of collected residues and help establish a linkage 
between the powder used in a bomb to a powder found in a suspect’s possession or home, 
thereby assisting law enforcement personnel in effectively investigating bombing 
incidents and prosecuting the offenders.  
As stated in section 1.3.1. Analysis of Smokeless Powder by GC-MS and LC-MS, 
one of the challenges associated with smokeless powder analysis using conventional 
techniques such as LC-MS and GC-MS is the time required for sample preparation. Post-
blast smokeless powder residues are typically collected via swabbing
15
, tape lifting
15
 and 
swiping
25
 during a scene investigation. While these techniques are effective collection 
techniques for trace explosive residues, trace explosive materials on a surface may be 
missed or may not adhere to the collection surface. Swabbing is also not a selective 
technique and can result in the collection of contaminants and extraneous materials that 
may overwhelm the detector’s response45. Furthermore, additional sample clean-up steps, 
such as solvent extraction of the swabs, may be required, which will further increase the 
sample preparation time. 
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Generating and concentrating headspace vapors onto an adsorbent, rather than 
swabbing or vacuuming, can often increase the detection sensitivity of targeted 
compounds
45
. Headspace vapors can be generated either using static or dynamic 
headspace methods. Static headspace methods typically employ adsorption traps that are 
inserted into the headspace of the sample vessel to separate the targeted compounds from 
the remainder of the headspace gas
46
. Solid-phase microextraction (SPME), for instance, 
is a common static headspace technique. Conversely, dynamic headspace is a purge and 
trap technique that uses a continuous flow of inert gas or a vacuum to constantly flush the 
headspace vapors through an adsorption trap, resulting in a faster and more sensitive 
method when compared to static headspace methods
46
. Recently, SPME coupled to IMS 
and GC has been employed for the collection and concentration of trace explosives and 
their volatile chemical signatures
45, 47
, including those from smokeless powder
48
. 
However, SPME can be time-consuming, and therefore dynamic headspace methods are 
more preferable for rapid sample preparation.  
The first objective of this research was to examine the utility of Carbopack
TM 
X 
sorbent-coated wire mesh as an adsorbent for targeted analytes in smokeless powder and 
evaluate the analytical capabilities of DART-MS in generating pre- and post-blast CAS 
from smokeless powder. This study was conducted in an effort to address a key need of 
the Forensic Science community to accelerate the speed of collection and characterization 
for explosive-related case samples. The collection of various semi-volatile and volatile 
toxic industrial chemicals using Carbopack
TM 
X coated wire mesh has been previously 
demonstrated by Drew Horsley (results unpublished). As a result, the Carbopack
TM
 X 
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coated wire mesh was further explored to evaluate its efficacy in capturing the additives 
and energetic components in smokeless powder. A rapid approach for the field collection 
of trace explosive materials for subsequent analysis by DART-MS utilizing dynamic 
headspace concentration with Carbopack
TM
 X coated wire mesh consumables and 
portable samplers was developed. This approach was evaluated in an effort to reduce the 
need for lengthy chromatographic separations and the time required for sample 
preparation and analysis. Such technology would permit first responders and crime scene 
responders to conduct rapid sampling in the field and later, rapid analysis within a 
laboratory environment. 
The second objective was to employ chemometric analysis of the data generated 
by DART-MS in an effort to discriminate different brands of smokeless powder. Many 
smokeless powders exhibit different chemical composition. Conversely, some may have 
very similar chemical composition. In addition, thermally degraded smokeless powders, 
such as those commonly found as residues at a post-blast scene, may result in increased 
chemical composition similarity. Developing an approach that discriminates smokeless 
powders is thus challenging. Furthermore, the chemical additives found in smokeless 
powder are commonly encountered in various industries, making the identification of the 
presence of smokeless powder more difficult
7
. For instance, NC is used in varnishes and 
pharmaceuticals and NG is used in pharmaceutical treatment for angina
7
. DBP and DPA 
are stabilizers that are used in rubber and plastic
7
. For this to be a robust approach in 
forensic analysis, it is advantageous to employ chemometric analysis using various 
statistical classification algorithms to maximize the amount of information obtained from 
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the mass spectra and improve the confidence in the assignment of a powder to a mass 
spectrum, while taking into consideration the inherent variability associated with the 
samples and the sample analysis.  
1.6. Chemometric Analysis Using Analyze IQ Lab 
 Chemometrics is a term coined in 1972 that is used to refer to the chemical 
discipline that uses mathematical, statistical and other methods to obtain maximum 
relevant information from chemical data
49
. One method that is employed in chemometrics 
is a predictive model approach whereby machine learning algorithms are used to develop 
mathematical models capable of learning from a set of training data and making 
predictions based on the training data. Machine learning algorithms are designed to 
accurately interpret new and unseen data based on intelligence learned from a training 
data set. Through this approach, models can be developed to predict, for instance, the 
presence of smokeless powder in an unknown sample residue and classify the smokeless 
powder to a particular brand based on a training data set consisting of known smokeless 
powders. 
Analyze IQ Lab is an advanced chemometric software that employs a model-
driven approach to allow users to analyze various chemical data using powerful and 
innovative model-based techniques drawn from statistics, data mining and machine 
learning. It offers a number of chemometric and machine learning techniques, including 
principal component analysis (PCA), linear regression, support vector machine (SVM) 
and spectral attribute voting (SAV), for constructing a predictive model for either 
classification or quantification. It also offers various statistical data preprocessing 
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techniques to make the data more suitable to analysis. Combining CAS generated by 
DART-MS with chemometric and machine learning techniques available in Analyze IQ 
Lab offers a more robust system for the identification and classification of smokeless 
powders. 
 
2. EXPERIMENTAL 
2.1. Materials 
Alliant Red Dot (ARD), Alliant Reloder 19 (AR 19), Hodgdon LEVERevolution 
(HLE), Hodgdon Lil’ Gun (HLG), Improve Military Rifle 7828 (IMR 7828), Winchester 
Ball 296 (WB 296) and Winchester Ball 760 (WB 760) smokeless powders used in this 
thesis were obtained from local sporting goods stores. Alliant Green Dot (AGD), Nobel 
Sport AS (NS AS), Nobel Sport AS24 (NS AS24), Nobel Sport SP10 (NS SP10) and 
Winchester Ball Super Target AA (WBST AA) were obtained from the Bureau of 
Alcohol, Tobacco, Firearms and Explosives (ATF). The NIST RM 8107 reference 
standard was obtained from the National Institute of Standards and Technology, Standard 
Reference Materials Catalog. Pint-sized (16 oz.) aluminum paint cans with pressure lids 
were obtained from Fisher Scientific (Pittsburg, PA, USA). The lids were configured 
with two ports to fit two Swagelok tube fittings obtained from Cambridge Valve & 
Fitting, Inc. (Billerica, MA, USA): a ¼” straight thread male tube adapter (Part No. SS-4-
TA-1-OR) and a ¼” straight thread male O-seal connector (Part No. SS-400-1-OR). The 
stainless steel, self-sealing hex nuts (Part No. 91339A160) used to seal the fittings were 
purchased from McMaster-Carr (Robbinsville, NJ, USA). Dynamic headspace 
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concentration was performed using a heating mantle (115 V, Cat No. 100B CH093) with 
a CT101 (S/N: CT108-23) temperature controller purchased from Scientific Instrument 
Services, Inc. (Ringoes, NJ, USA) and a PowrTrol Voltage Control temperature 
controller (Model No. 104A PL120) purchased from Glas-Col
®
 (Terre Haute, IN, USA). 
The Leland Legacy vacuum pump with the cassette holder accessory, SureSeal opaque 
white polypropylene cassettes (2-piece, 37 mm) and fiberglass filters (1 µm, 37 mm, type 
AE) were purchased from SKC, Inc. (Eighty Four, PA, USA). Sorbent-coated wire mesh 
adsorbents used in this research were Carbopack
TM
 X, a graphitized carbon material with 
a mesh size of 60/80, pore size of approximately 0.62 cm
3
/g and reported available 
surface area of approximately 240 m
2
/g 
50
. Bare metal wire mesh was obtained from 
Sigma Aldrich (St. Louis, MO, USA) and coated with Carbopack
TM
 X by Supelco 
(Bellefonte, PA, USA). Acetone was obtained from Fisher Scientific.  
A DART-Standard Voltage and Pressure (SVP) ambient ion source (IonSense 
Inc., Saugus, MA, USA) interfaced to a ThermoQuest Finnigan LCQ Deca mass 
spectrometer (San Jose, CA, USA) and a Thermo Scientific Exactive Plus mass 
spectrometer (part of Thermo Fisher Scientific, Waltham, MA, USA) were utilized for 
this work. Helium (ultra-high purity) was used as the ionizing gas for the DART 
ionization source. The DART ionization source, linear rail and QuickStrip
TM
 module 
were provided by IonSense, Inc. An Agilent 7890A gas chromatograph with an Agilent 
5975C inert XL electron impact/chemical ionization (EI/CI) mass selective detector 
(MSD) (Agilent Technologies, Santa Clara, CA, USA) was also used for this work. A 
RESTEK Rxi-5HT (30 m x 0.25 mm x 0.25 µm) column (Bellefonte, PA, USA) was 
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utilized for the chromatographic separation. The GC carrier gas used was helium (ultra-
high purity) The DART software, version 4.6.14, was used to operate the DART 
ionization source. XCalibur
TM
 Qual Browser software, version 2.2, and MSD 
ChemStation® software, version E.02.02.1431, were utilized for the analysis of all mass 
spectral data obtained by DART-MS (both LCQ Deca and Exactive Plus instruments) and 
chromatographic data obtained by GC-MS, respectively. All GC vials, caps and liners 
were obtained from Fisher Scientific. 
2.2. Dynamic Headspace Concentration Methodology Development 
2.2.1. Dynamic Headspace Apparatus Configuration 
The design of this method was adapted from the E1413-13 standard issued by the 
American Society for Testing and Materials (ASTM) for the separation and concentration 
of ignitable liquid residues from fire debris samples by dynamic headspace 
concentration
51
. It is a standard practice for recovering volatiles from low concentrations 
of ignitable liquid residues using headspace concentration. Both positive and negative 
pressure systems are described. A positive system employs an inert gas, such as nitrogen, 
to purge the headspace vapors through an adsorbent tube whereas a negative system uses 
a vacuum to evacuate the headspace vapors out of the container. A negative pressure 
system was employed and modified for our method
51
. 
Following the E1413-13 standard procedure for a negative pressure system, 
pressure lids were retrofitted with two stainless steel Swagelok male adapters to permit 
intake of room air and evacuation of headspace vapors. SKC Type AE fiberglass filters 
were placed into SKC SureSeal opaque white polypropylene cassettes which were 
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subsequently connected to one of the Swagelok adapters on the lid with a ¼” ID Tygon 
tube. This served as a filter for any possible contamination coming from the ambient 
atmosphere in the laboratory. Carbopack
TM
 X coated wire mesh was cut into thin strips, 
measuring approximately 0.75 inches in width and 1.06 inches in length so that they 
could be fixated within the SKC SureSeal cassettes. Cassettes containing the 
Carbopack
TM
 X adsorbents were connected to the second Swagelok adapter via a Tygon 
tube and an insert (No. DHS-20002) supplied by IonSense Inc., and the Leland Legacy 
vacuum pump via the cassette holder accessory, which is used to evacuate the headspace 
vapors. Smokeless powders were weighed in aluminum dishes and subsequently placed 
into a 16 oz. paint cans. The paint cans were sealed with modified lids. The paint cans 
were placed into the heating mantle and heated to a desired temperature, generating 
headspace vapors from semi-volatile and volatile compounds. Headspace vapors were 
evacuated from the headspace using the vacuum pump and analytes were adsorbed onto 
the Carbopack
TM
 X coated wire mesh. See Figure 4.  
   
25 
 
   
Figure 4: Dynamic headspace apparatus (left) with a schematic of the air flow of the 
headspace vapors (right). 
2.2.2. Optimization of Heating Temperature and Time  
The recovery efficiency of targeted compounds using a negative pressure dynamic 
headspace system is primarily influenced by three factors: heating temperature, heating 
time and vacuum flow rate. Studies were conducted to identify and optimize the ideal 
heating temperature and length of heating time at which the most efficient recovery of 
additives and energetic materials from smokeless powder with optimal detection 
sensitivity could be obtained. This was achieved by optimizing the parameters with one 
smokeless powder and applying it to others. If necessary, adjustments to the parameters 
were made to obtain optimal recovery for each powder. It should be noted that the 
reported data from these studies were obtained using the DART coupled to the LCQ Deca 
ion trap mass spectrometer. 
The first study aimed to evaluate the optimal heating temperature while 
maintaining a constant heating time and vacuum flow rate. Temperature was initially 
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evaluated using the CT101 temperature controller at temperatures between 80-120°C and 
in increments of 10°C. The flow rate remained a constant 3 L/min and sampling time was 
5 minutes. It should be noted that the heating temperature was later evaluated using the 
PowrTrol controller for greater precision in controlling the heating temperature.  
Hodgdon Lil’ Gun (HLG) smokeless powder was accurately weighed in an 
aluminum weighing dish in approximately 5 mg quantities and placed into a pint-sized 
paint can. A second paint can, containing an empty, aluminum, weighing dish, served as 
the negative control. Both cans were sealed with the modified lids and configured to 
resemble the apparatus shown in Figure 4. For the CT101 temperature controller, a 
thermocouple was inserted in between the paint can and the inner lining of the mantle. 
The negative control was first used to preheat the heating mantle to the desired 
temperature, which took approximately 15 minutes. Once the temperature was reached, 
the negative control was quickly removed and the sample paint can was quickly placed 
into the heating mantle and heated for 5 minutes. After five minutes, the sample paint can 
was taken out and the negative control was placed in to allow the heating mantle to 
equilibrate to the set temperature. It should be noted that the amount of heat applied to 
the mantle is a direct response to the temperature measured by the thermocouple. In other 
words, if the thermocouple reads room temperature and the temperature was set at 80°C, 
more energy is sent to the mantle to heat it up more quickly. This procedure was followed 
and repeated four times, varying only the heating temperature. After dynamic headspace 
concentration, the cassettes were sealed with end caps until analysis (Figure 5). 
Carbopack
TM
 X strips were introduced into the DART gas stream using the QuickStrip
TM
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module and a linear rail set at 1 mm/s where they were desorbed and analyzed directly by 
DART-MS (Figure 6) with a source temperature of 200°C. Both positive ion and negative 
ion spectra were obtained. The resulting mass spectra were compared. This procedure 
was repeated four additional times, varying only the mantle temperature.  
 
Figure 5: A cassette (top view) sealed with blue end caps after dynamic headspace 
concentration. 
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Figure 6: Carbopack
TM
 X strip analyzed directly by DART-MS using the 
QuickStrip
TM
 module. 
Analysis of the data from the first study suggested an optimal heating temperature 
of approximately 110°C. The optimal heating temperature was determined based on the 
presence and abundance of the targeted analytes in addition to chemical noise and 
abundance of background ions. The second study aimed to investigate the ideal heating 
time at 110°C that would permit efficient recovery of additives and energetic materials 
from smokeless powder and the generation of information rich CAS. The length of 
heating time is especially crucial at high temperatures as prolonged heating will result in 
powder degradation as well as the formation and recovery of degradation by-products. 
Approximately five 5 mg quantities of HLG smokeless powder were weighed in 
aluminum weighing dishes and placed into five pint-sized paint cans. The five cans were 
sealed with the modified lids and heated for 1.25, 2.5, 5, 7.5 or 10 minutes at 
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approximately 110°C and 3 L/min using a setup that resembles the one shown in Figure 
4. A negative control was sampled at the beginning (before first can), middle (after third 
can) and end (after fifth can) for 1.25, 5 and 10 minutes respectively at 110°C and 3 
L/min. The procedure for preheating and equilibrating the mantle to the desired 
temperature using the negative control as previously stated was followed. All 
Carbopack
TM
 X strips were then thermally desorbed and analyzed directly on the 
QuickStrip
TM
 module by DART-MS using a source temperature of 200°C and a linear 
rail speed of 1 mm/s. The resulting positive and negative ion mass spectra were 
compared. Analysis of the data suggested an optimal heating time of 5 minutes. The 
optimal heating time was determined based on the presence and abundance of the 
targeted analytes. 
2.2.3. Optimization of Flow Rate 
 Once the heating temperature and time were optimized, the optimal flow rate was 
investigated. Flow rate is an important consideration when performing dynamic 
headspace concentration. Too high of a flow rate may result in breakthrough and thus, 
poor recovery. It should be noted that the lowest flow rate the Leland Legacy vacuum 
pump permitted was 3 L/min.  
Three pint-sized paint cans, each containing an aluminum weighing dish with 
approximately 5 mg of HLG smokeless powder, were prepared. Each can was heated at 
approximately 110°C for 5 minutes and sampled using the following flow rates: 3, 4 and 
5 L/min. The Carbopack
TM
 X strips remained sealed in their cassettes with end caps until 
they were desorbed and analyzed directly on the QuickStrip
TM
 module by DART-MS. 
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Analysis of the positive and negative ion data suggested an optimal vacuum flow rate of 
3 L/min. This was determined based on the flow rate that resulted in the capture of all 
targeted analytes with the greatest abundance and minimal loss of the targeted species.  
2.2.4. Development of DART-MS Parameters 
 Successful thermal desorption of compounds adsorbed onto an adsorbent medium 
primarily depend upon both the temperature and affinity of the adsorbent for the 
compounds
46
. Since DART ionization is a thermal desorption technique, it was important 
to evaluate different desorption temperatures and determine the ideal temperature that 
would permit the greatest desorption and minimal thermal degradation. Nilles et al. 
reported a viable DART source temperature range of 150 - 225°C
24
 for the analysis of 
various explosives. 
 A temperature profile for the thermal desorption of the analytes collected on 
Carbopack
TM
 X coated wire mesh was conducted using a source temperature of 100°C, 
200°C and 300°C. Approximately 5 mg of HLG smokeless powder was placed into three 
pint-sized paint cans and was sampled with dynamic headspace concentration using the 
optimized parameters of 110°C, 3 L/min and 5 minutes. The Carbopack
TM
 X coated wire 
mesh was analyzed in both positive and negative ion mode using an initial source 
temperature of 100°C. Wire mesh were analyzed using the QuickStrip
TM
 module and was 
introduced into the DART gas stream using a linear rail set to move the module through 
the ionization region at a rate of 1 mm/s. This linear rail speed was previously optimized 
by IonSense, Inc. to operate with LCQ Deca ion trap mass spectrometer parameters listed 
in Table 1. This process was repeated an additional two times, varying only the source 
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temperature. Analysis of the data suggested an optimal source temperature of 200°C. 
This optimal source temperature was determined based on the abundance of ions of 
interest for HLG smokeless powder, the amount of noise and the abundance of any other 
ions present. 
Table 1: Parameters used for all samples analyzed with the LCQ Deca quadrupole 
ion trap mass spectrometer. 
Parameter Setting AGC  Setting 
Capillary Voltage 15 V Full MS Target 5 x 10 
7
 
Capillary Temperature 200°C MSn Target 2 x 10 
7
 
Multipole 1 Offset 2.5 V Zoom Target 1 x 10 
7
 
Lens Voltage 16 V Microscans 3 
Multipole 2 Offset 7 V 
  Multipole RF Amplitude 400 V 
  Entrance Lens Voltage 64 V 
  Electron Multiplier Voltage 1140 V 
  Analyzer Temperature 28°C 
  Max Injection Time 150 ms     
 
2.2.5. Optimization of Heating Temperature Using the PowrTrol Controller 
After repeated dynamic headspace sampling of smokeless powders using the 
CT101 controller, it was determined that the controller did not provide precise 
temperature control based on monitoring using a thermocouple. For instance, the 
temperature reported by the thermocouple decreased each time a paint can was placed 
into the heating mantle because the can absorbed some of the heat, resulting in an 
increased amount of heat applied to the mantle and an overshoot of the set temperature. 
In other words, the heating mantle was hotter than the set temperature. Although the 
temperature was often times difficult to control, it was possible to produce data that were 
reproducible if careful sampling techniques were executed. However, a temperature 
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controller that is able to provide greater precision in controlling the temperature and more 
consistent heating was desirable. As a result, the PowrTrol controller was obtained and 
evaluated. 
The PowrTrol controller applies a constant voltage to control temperature instead 
of varying the voltage based on the thermocouple response. The settings on the PowrTrol 
controller were reported as percentages. These percentages corresponded to a certain 
voltage, which in turn controlled the temperature of the heating mantle. The evaluated 
settings were 32%, 36% and 40%, which corresponds to approximately 27, 30 and 34 V 
respectively. The corresponding temperature for each setting was measured using an 
external thermocouple at five different areas of the mantle and averaged to account for 
any hot spots. The corresponding temperatures were approximately 150, 160 and 172°C, 
respectively. These temperatures were chosen because the thermocouple often reported 
actual temperatures between 150°C and 160°C in the mantle when using the CT101 
heating controller even though the temperature was set at 110°C. 
Three paint cans, each containing 5 mg of HLG smokeless powder, were 
prepared. Each can was heated for 5 minutes using a constant flow rate of 3 L/min at one 
of the three temperatures mentioned above. Headspace vapors were concentrated onto 
Carbopack
TM
 X coated wire mesh which were subsequently analyzed by DART-MS 
using the QuickStrip
TM
 module and a source temperature of 200°C. Analysis of the 
positive and negative ion data suggested an optimal temperature of 150°C. 
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2.3. Examination of Smokeless Powder Recovery Using Carbopack
TM
 X 
 As stated in section 1.5. Objective of Thesis, unburnt powder granules along with 
partially burnt and burnt residues can be found during a post-blast scene investigation. In 
an effort to simulate the type of evidence found at a post-blast crime scene, Carbopack
TM
 
X coated wire mesh were employed to capture the additives and energetic components in 
six smokeless powders using the optimized dynamic headspace method: Alliant Red Dot 
(ARD), Alliant Reloder 19 (AR 19), Hodgdon LEVERevolution (HLE), Improved 
Military Rifle 7828 (IMR 7828), Winchester Ball 296 (WB 296) and Winchester Ball 760 
(WB 760). These powders were analyzed by DART-MS and also by GC-MS to validate 
the results obtained by DART-MS. The procedure for preparing these powders for 
analysis by GC-MS is discussed in section 2.4. Analysis of Smokeless Powder by GC-MS. 
 2.3.1. Unburnt Smokeless Powder 
 Approximately 5 mg of each smokeless powder was prepared in pint-sized 
aluminum paint cans and extracted using the optimized dynamic headspace concentration 
method with a heating temperature of 110°C, a sampling time of 5 minutes and a flow 
rate of 3 L/min. The CT101 controller required preheating and equilibrating the mantle to 
110°C before and after each sample using a negative control can containing only an 
aluminum weighing dish. The cassettes containing the Carbopack
TM
 X coated wire mesh 
were sealed with end caps until analysis by DART-MS.  
 2.3.2. Burnt Smokeless Powder 
 Five of the seven available smokeless powders were thermally degraded into a 
residue using an open source flame to simulate post-blast residues recovered from a 
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scene. Approximately 5, 15 and 50 mg of the following five powders were prepared in 
triplicate and burned: ARD, HLG, IMR 7828, WB 760 and WB 296. Each sample was 
then extracted using the same procedure employed for the extraction of the unburnt 
smokeless powders in section 2.3.1. Unburnt Smokeless Powder. 
 2.3.3. Analysis by DART-MS 
 All Carbopack
TM
 X coated wire mesh from the unburnt and burnt studies were 
analyzed using the DART-SVP coupled to the LCQ Deca ion trap mass spectrometer 
with the parameters listed in Table 1. The QuickStrip
TM
 module and a linear rail set at 1 
mm/s were used to introduce the wire mesh into the DART gas stream. A DART source 
temperature of 200°C was used to desorb and analyze the wire mesh. Both positive and 
negative ion spectrum were obtained for each sample. Analysis of burnt samples that 
were prepared with 5 mg and 15 mg of smokeless powder showed no recovery of the 
additives and energetic materials in the smokeless powders. Therefore, only the burnt 
samples that were prepared with 50 mg of smokeless powder were extracted with 
dynamic headspace concentration and analyzed by DART-MS. 
2.4. Analysis of Smokeless Powder by GC-MS 
 GC analysis was performed using the EXP.M method seen in Table 2. HLG 
smokeless powder and the NIST RM 8107 reference standard were initially analyzed 
using this method for comparison with the DART-MS results. Two particles of HLG 
smokeless powder and NIST RM 8107 standard were each dissolved in 1 mL of acetone. 
Each solution was placed on a rocker and agitated until the powders were completely 
dissolved. 
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Table 2: Parameters of the EXP.M GC-MS method. 
Parameter EXP.M 
Total Run Time 30.31 min 
Program 
70°C for 4 min, then 8°C/min to 185°C, then 25°C/min to 250°C for 
3 min, then 15°C/min to 285°C 
Inlet Mode Pulsed Split 
Split Ratio 15:1 
Split Flow 14.6 mL/min 
Pressure 8.49 psi 
Flow 0.973 mL/min 
Average Velocity 36.298 cm/sec 
Solvent Delay 6 min 
MS Mode Scan 
Low Mass 50 amu 
High Mass 550 amu 
 
This method featured a total run time of 30.31 minutes per sample. Samples were 
introduced via a 5 μL split injection volume at a flow rate of 14.6 mL/min with a front 
inlet temperature of 125°C and 15:1 pulsed split injection ratio. The flow rate of the 
carrier gas (ultra-high purity helium) was held at 1 mL/min. The temperature of the oven 
was programmed from 70°C to 285°C beginning with a 4 minute hold time at 70°C. The 
temperature was then raised to 185°C at a rate of 8°C/min with a 0 min hold time. From 
185°C, the temperature was increased to 250°C at 25°C/min and held at that temperature 
for 3 min, followed by a temperature ramp of 15°C/min to 285°C. The temperature of the 
MS source and quadrupole was maintained at 230°C and 150°C, respectively. The gain 
factor for the electron multiplier was set at 1 with a resulting voltage of 2306 V. Mass 
spectra were obtained between 50 to 550 atomic mass unit (amu) with a threshold set to 
150 for each chromatographic peak. Mass spectral data was subsequently searched 
against the NIST mass spectral library (NIST MS Search 2.0) for identification. 
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Analysis of the data showed results that were comparable to those obtained from 
DART-MS. The NIST RM 8107 standard for smokeless powder GC-MS results were in 
accordance to those reported by MacCrehan and Bedner
2
. This suggested that the EXP.M 
method was appropriate for this work. The EXP.M method was utilized for all additional 
analyses of smokeless powder by GC-MS. All remaining smokeless powders were 
prepared using the same sample preparation procedure except for the powders with large 
individual particles (i.e. particles that are rod shaped), which were prepared by dissolving 
only one particle.  
2.5. Chemometric Analysis of Smokeless Powder Using Analyze IQ Lab 
Analyze IQ Lab allows users to construct predictive models from data that can be 
deployed to conduct two types of spectral analysis: classification and quantification. For 
this work, classification predictive models were built to predict whether or not an 
unknown residue contains a particular smokeless powder. To build a model, data from a 
range of reference samples of known composition was required. The predictive 
performance of the model was predicated on the training data set used to create the 
model. Therefore, models were created using the most appropriate reference samples. 
Here, three predictive models were designed to predict the presence of three smokeless 
powders: Alliant Reloder 19 (AR 19), Hodgdon LEVERevolution (HLE) and Winchester 
Ball 296 (WB 296). These powders were chosen because of their similar chemical 
composition. 
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 2.5.1. Preparation and Analysis of Reference Samples  
 Approximately 20, 100 and 500 mg of AR 19, HLE and WB 296 smokeless 
powders were prepared in replicates of 10 for a total of 90 samples. Each sample was 
burned to a residue with an open torch flame in order to simulate post-blast residues 
recovered from a scene investigation. The samples were placed and sealed in pint-sized 
aluminum paint cans. Each sample was collected using dynamic headspace concentration 
with the optimized conditions of approximately 150°C using the PowrTrol controller at 3 
L/min for a total of 5 minutes. Headspace vapors were concentrated onto Carbopack
TM
 X 
coated wire mesh, which were subsequently analyzed using DART-MS. 
 Analysis of the Carbopack
TM
 X coated wire mesh was conducted using the 
DART-SVP interfaced to the Thermo Scientific Exactive Plus orbitrap mass spectrometer 
operating at the specified parameters listed in Table 3. In comparison to the LCQ Deca 
ion trap mass spectrometer, the Exactive Plus was employed to generate data for 
subsequent chemometric analysis because of its greater resolution, sensitivity and 
performance in the negative ion mode. In addition, the Exactive Plus permitted 
simultaneous collection of positive and negative ion data without the need to manually 
switch between polarities.  
Analyze IQ requires data obtained using a consistent sample introduction and 
analysis method. The QuickStrip
TM
 method that is available in the DART software was 
thus employed to provide consistent sample introduction and analysis. This method also 
permitted the collection of a DART background mass spectrum of the ambient air at the 
beginning and end of each sample. The parameters for the method are listed in Table 3. 
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Wire mesh were introduced into the DART gas stream using the linear rail set at 0.5 
mm/s to account for the slower scan speeds when operating at a resolution of 35000. Data 
was collected in both positive and negative ion modes with a scan range from 50 to 400 
amu. Stabilizers and plasticizers were analyzed in positive ion mode and energetic 
materials such as nitroglycerin were analyzed in negative ion mode. All mass spectra 
were converted into a single comma separated value (csv) file and nominalized for 
chemometric analysis using Analyze IQ Lab. 
Table 3: Parameters for the Thermo Scientific Exactive Plus orbitrap mass 
spectrometer and QuickStrip
TM
 method that was used to introduce the 
Carbopack
TM
 X wire mesh into the DART gas stream. 
Parameter Setting QuickStrip Method Setting 
Resolution 35000 Ion mode Positive 
Polarity Pos/Neg DART Run Temperature 200°C 
Microscans 1 Heater Wait Time 30 sec 
AGC Target 1 x 10
6 
Linear Rail Speed 0.5 mm/s 
Max Injection Time 200 ms Contact Closure Delay 2 sec 
S-lens RF Level 50 Standby Temperature 195°C 
Capillary Temperature 200°C     
 
 2.5.2. Model Construction Using Analyze IQ Lab 
 Analyze IQ Lab offers seven data preprocessing techniques to make the data more 
suitable for analysis: smooth, derivative, normalization, standard normal variate, equal 
area scale, internal standard (IS) normalize and truncate. Analyze IQ also offers four 
machine learning techniques that can be used to build predictive models: linear 
regression, support vector machine (SVM), k-nearest neighbor (k-NN) and spectral 
attribute voting (SAV). SVM and SAV are classification machine learning algorithms 
and models developed for this work only utilized these two algorithms.  
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Models were initially constructed using SAV and a number of SVM algorithms 
without any data preprocessing and without adjusting any of the default parameters 
associated with each SVM algorithm. SAV has no parameters, and therefore only 
different combinations of pre-processing methods were evaluated when building models 
using SAV. All models were trained using a total of 90 positive ion reference spectra. 
Thirty spectra were positive for a particular smokeless powder and 60 were negative. 
Positive ion spectra were used because they offered the most discriminating data. All of 
the negative ion spectra except for IMR 7828 contained NG, which was observed as ion 
of m/z 288, and therefore would not be effective in discriminating the powders. 
When building a predictive model, it is essential to evaluate how well the model 
fits the data and to verify the model’s ability to be generalized to an independent dataset 
that was not used in the model development process
52-53
. In order to evaluate overfitting 
and the performance of the models, an internal validation was performed using k-fold 
cross-validation. k-fold cross-validation randomly separates the samples into equal k size 
subsamples or folds
54
. One fold is first used as the validation data for the model and this 
fold is left out of the training data. The remaining folds are used as the training data. Next 
a second fold is used as the validation data and the remaining folds are used as the 
training data. This process is repeated until all of the folds have been left out of the 
training set
54
. Here, a five run, 10-fold cross-validation was used for the internal 
validation of each model. Each successive run randomizes the training data set into a new 
set of folds. An error occurs when the model detects any false positives or false 
negatives. The percentage of errors is computed from the number of errors divided by the 
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training data set size. Here the average percentage error was calculated based on a 
training data set size of 90 since the models were constructed using only positive ion 
data. 
2.5.3. Support Vector Machine 
 Support vector machine (SVM) is a machine learning algorithm that is capable of 
handling high dimensional data and producing models that generalize well to unseen 
data
55
. Each SVM algorithm in Analyze IQ has a complexity factor, C, that can be 
adjusted to regulate overfitting. There are also various kernels that are associated with 
SVM. The kernels include radial basis function (RBF), polynomial and sigmoid. These 
kernels are used to handle non-linear data
55
. All kernels were employed in this research. 
Models were initially developed using the default complexity factor and parameters for 
each kernel. These parameters were further optimized in the models that had the best 
performance (i.e. lowest error rate), which was evaluated using k-fold cross-validation. 
2.5.4. Principal Component Analysis 
Mass spectral data obtained by DART-MS is high dimensional data and often 
poses a challenge for certain machine learning techniques. Mass spectral data often 
contains hundreds or thousands of data points. Each observed peak in a mass spectrum 
alone is comprised of many data points. Using such high dimensional data for 
classification may risk overfitting the model to the data and reduce the prediction 
accuracy of a model due to highly correlated attributes in the dataset
55-56
. Principal 
component analysis is a classical statistical method used for reducing high dimensional 
data such as mass spectral data for spectral classification in the field of chemometrics
55
. 
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PCA transforms the attributes of a dataset into a set of uncorrelated attributes, which are 
known as principal components (PCs), and reduces the dimensionality and collinearity of 
the data without losing the variability of the dataset by discarding some PCs
55-56
.  
Analyze IQ only enables a user to apply PCA to linear regression, SVM and k-
NN algorithms. It is not possible to apply PCA to SAV. As a result, PCA was only 
applied to all of the models that were created using SVM algorithms. In addition, a PCA 
plot of the model training data set was created using the International Business Machines 
Corporation (IBM) Statistical Package for the Social Sciences (SPSS) Statistics software, 
version 22. In order to create a PCA plot, the data files were normalized using a code 
written by Dr. Matthew Pavlovich for the Matrix Laboratory (MATLAB) software, 
version R2015a, from MathWorks
®
. 
 2.6. Forensic Application  
2.6.1. Blind Study 
 One of the final parts of this research was a blind study. This was conducted to 
demonstrate the utility of the dynamic headspace DART-MS with subsequent 
chemometric analysis approach in a practical scenario. A blind approach was employed 
to eliminate confirmation bias from the analyst and to simulate the analysis of real world 
smokeless powder samples recovered from a post-blast event. Fifty unknown post-blast 
smokeless powder-like residues were prepared in a blind procedure. The principal 
investigator (PI) instructed a student to prepare 50 samples in pint-sized aluminum paint 
cans, each containing one or a mixture of two of the seven available smokeless powders 
(powders that were not obtained from ATF) in quantities of 20 – 500 mg. The samples 
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were labeled with numbers and letters only. The PI had no knowledge of the identity and 
quantity of the smokeless powders except that a few of the samples contained a mixture 
of smokeless powders. The PI subsequently burned each sample using an open flame and 
sealed each sample in their respective paint cans. 
 The samples were then extracted using dynamic headspace concentration. Each 
sample was heated at approximately 150°C for 5 minutes using the PowrTrol controller. 
Headspace vapors were evacuated using a flow rate of 3 L/min and concentrated onto 
Carbopack
TM
 X coated wire mesh, which were subsequently thermally desorbed and 
analyzed by DART interfaced to the Thermo Scientific Exactive Plus orbitrap mass 
spectrometer. Data were collected in both positive and negative ion mode.  
 A background subtraction of the ambient air was applied to the resulting positive 
ion mass spectra. For analysis using Analyze IQ, it was important to subtract the same 
number of scans for each sample. A background spectrum consisting of 20 scans was 
subtracted from the spectrum of each sample. After background subtraction, each positive 
ion mass spectrum was converted into csv files with Microsoft Excel and imported into 
the Analyze IQ Lab software. The three SAV predictive models were applied to the data 
and the obtained results were submitted to the PI for comparison to known values. 
2.6.2. Evaluation of Predictive Model Robustness 
 To further evaluate the application of the dynamic headspace DART-MS with 
subsequent chemometric analysis approach to forensic casework, the predictive models 
for AR 19, HLE and WB 296 were tested against the five smokeless powders provided by 
ATF. Each of the five powders was prepared in triplicate. Each paint can contained 200 
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mg of smokeless powder that were burned with an open flame. Each sample was 
extracted with dynamic headspace using the optimized parameters of 150°C, 3 L/min and 
5 minutes and analyzed with DART-MS using the same procedure stated in section 2.6.1. 
Blind Study. The same procedure was also used to evaluate the data using Analyze IQ. 
 
3. RESULTS AND DISCUSSION 
3.1. Dynamic Headspace Concentration Methodology Development 
This study aimed to evaluate the efficacy of using novel sorbent-coated wire mesh 
and DART-MS to address a need for rapid collection and analysis of explosive residues, 
specifically residues of smokeless powder. In addition, this study aimed to evaluate the 
utility of a field portable apparatus for smokeless powder sampling. Smokeless powder 
was purposefully chosen for its availability and accessibility as well as its common use 
within IEDs. In addition to the energetic components, smokeless powders also contain 
various semi-volatile and volatile additives that can be utilized as chemical signatures for 
the powders. These signatures may permit the identification of a specific brand of 
powder. 
Carbopack
TM
 X, which is a graphitized carbon material, was chosen for its proven 
affinity for a variety of volatile organic compounds (VOCs)
57-58
. Furthermore, 
Carbopack
TM
 X was evaluated by Drew Horsley, a member of our research group, for its 
ability to capture various toxic industrial chemicals (TICs) and materials (TIMs) and was 
shown to exhibit greater capture efficiency in comparison to other adsorbents (results 
unpublished). They were evaluated by using dynamic headspace concentration to collect 
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the additives and energetic material from HLG smokeless powder. HLG was chosen to 
optimize the parameters of the dynamic headspace concentration procedure because it 
contains a wide range of additives that are commonly found in smokeless powder, which 
was determined in earlier studies that involved dissolving particles in acetone and 
analyzing by DART-MS. After dynamic concentration using Carbopack
TM
 X coated wire 
mesh, analysis was performed by DART-MS in both positive and negative ion mode. 
Additives were best detected in positive ion mode, whereas the energetic components, 
such as NG, were best detected in negative ion mode due to their high electron affinity. 
 3.1.1. Optimization of Heating Temperature and Time 
 The temperature at which samples are heated and the length of heating are 
important considerations for obtaining optimal recovery and sensitivity. As stated in 
section 2.2.1. Dynamic Headspace Apparatus Configuration, this method was adapted 
from the dynamic headspace method outlined by ASTM for the collection of semi-
volatiles and volatiles from fire debris samples
51. ASTM’s guideline suggests using a 
heating temperature of 90°C and a heating time of 10 minutes after the temperature is 
equilibrated to 90°C. This guideline, of course, is intended for the extraction of volatile 
compounds from fire debris. Instead of using the recommended temperature of 90°C and 
a heating time of 10 minutes, higher temperatures and shorter heating times were 
evaluated to reduce the overall sampling time. HLG smokeless powder was used as a 
reference powder to optimize the parameters. The targeted analytes in HLG smokeless 
powder, which were initially determined by analyzing two particles dissolved in acetone 
by DART-MS, is shown in Table 4. 
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Table 4: Targeted analytes in Hodgdon Lil’ Gun smokeless powder. The 
corresponding mass(es) listed for the precursor and product ions are those 
produced by DART ionization.  
Compound MW Ionization 
Precursor Ion(s) 
(m/z) 
Product Ions 
(m/z) 
Akardite II  226.27 + 227 196, 170, 92 
Dibutyl phthalate  278.34 + 279 205, 149 
Diphenylamine  169.23 + 170 93, 65 
Ethyl centralite  268.35 + 269 148, 120 
N-Nitrosodiphenylamine  198.22 + 199, 337
a 
260, 245, 169, 66 
Nitroglycerin 227.09 -  289
b
, 262
b
, 241
b
 226 62, 46 
Precursor ion [M+H]
+
; [M-H]
-
 for NG. 
a
Tetraphenylhydrazine (TPH): compound that is formed from NnDPA.  
b
Various adducts of the molecular ion of NG. 
The first dynamic headspace parameter evaluated was the heating temperature. 
The vacuum flow rate remained constant at 3 L/min and sampling time remained constant 
at 5 minutes. It should be noted that visual examination of the powders revealed that they 
were not thermally degraded after 5 minutes of heating at any of the five tested 
temperatures. Figure 7 shows DART mass spectra in positive ion mode of approximately 
5 mg of HLG smokeless powder sampled at five different heating temperatures. Figure 8 
shows the DART mass spectra profile in negative ion mode. At 80°C, only 
diphenylamine (DPA) was collected and detected in positive ion mode. The ions of m/z 
185, 203, 259, 315, 329 and 361 observed in the positive ion spectra were ions either 
present in the DART background or in the negative control. All of the targeted analytes 
for HLG (Table 4) that are detected in positive ion mode were observed when the heating 
temperature was above 100 °C (Figure 7). DART background ions and ion contributions 
from the sampling apparatus as well as the background chemical noise were minimal at 
these temperatures, particularly at 110°C. The observed ions of m/z 170, 199, 227, 269, 
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and 279 correspond to DPA, N-nitrosodiphenylamine (NnDPA), akardite II (AK-II), 
ethyl centralite (EC) and dibutyl phthalate (DBP), respectively. NnDPA can also be 
observed as the compound tetraphenylhydrazine (TPH), which has a molecular weight of 
336
59
. As a result of DART ionization, TPH was seen as the protonated molecular ion of 
m/z 337 in the positive ion spectrum.  
 
Figure 7: Representative positive ion mass spectra of HLG smokeless powder at 5 
different heating temperatures.  
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Figure 8: Representative negative ion mass spectra of HLG smokeless powder at 5 
different heating temperatures.  
As stated in section 1.4. Direct Analysis in Real Time, fragment ions are 
sometimes observed for compounds with sufficiently large enthalpies of formation to 
drive the reaction, and fragmentation can also be induced with in-source collision-
induced dissociation (CID) by increasing the voltage on orifice 1 in the mass 
spectrometer atmospheric pressure interface
27
. Although the voltage on orifice 1 was not 
increased, fragment ions in the mass spectra were observed, which provided additional 
confirmation for the presence of the targeted analytes. For instance, one of the fragment 
ions of AK-II (m/z 170) is isobaric with DPA. The presence of DPA was uncertain 
because the ion of m/z 170 could have been attributed to the fragment ion of AK-II. 
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However, both compounds were present and were indicated by the presence of other 
fragment ions. AK-II has additional fragment ions with m/z 196 and 92 whereas DPA has 
a fragment ion with m/z 93 (Table 2). These fragment ions were observed at temperatures 
above 90°C thus indicating the presence of both analytes (Figure 7). Similarly, the 
product ions of m/z 120 and 148 confirmed the presence of EC and the product ion of 
m/z 149 confirmed the presence of DBP.  
In the negative ion mode, NG was observed primarily as a nitrated adduct with a 
mass-to-charge ratio of 288 ([NG+NO3
-
]
-
). NG was observed at all five heating 
temperatures (Figure 8). NG can also be observed as the molecular ion [M]
-, which can 
be seen in Figure 8 or a deprotonated molecular ion [M-H]
-
. The ion of m/z 62 in the 
negative ion spectra was attributed to the nitrate (NO3
-
) ion, a degradation product 
commonly associated with NG. In addition, the fragment ion of m/z 241 for NG 
(fragment ion observed as a low abundant species) was also observed in the spectrum, 
indicating and confirming the presence of NG. Since the abundance of AK-II was most 
prevalent at heating temperatures of 110°C and 120°C and the negative ion spectrum for 
NG was similar at all five heating temperatures, 110°C was selected as the optimal 
heating temperature over 120°C to minimize the potential for thermal degradation of 
thermally labile compounds such as NG, NnDPA and AK-II.  
The second parameter evaluated for dynamic headspace concentration was the 
length of heating time. This parameter is also crucial for dynamic headspace 
concentration of smokeless powder. Analytes may not be collected if the heating time is 
too short. Conversely, prolonged heating can cause thermal degradation of the smokeless 
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powder and produce degradation by-products, resulting in different chemical profiles. 
Here, the following five heating times were evaluated with a constant vacuum flow rate 
of 3 L/min and a constant temperature of 110°C (which was optimized in the first study): 
1.25, 2.5, 5, 7.5 and 10 minutes. Ten minutes was the recommended sampling time in the 
ASTM E1413-13 guideline. These heating times were chosen because it monitors the 
sampling efficiency at five different points within the span of 10 minutes. 
 
Figure 9: Representative positive ion mass spectra of HLG smokeless powder at 5 
different sampling times.  
The positive ion mass spectrum of HLG at each of the tested sampling times is 
shown in Figure 9 and the negative spectra are shown in Figure 10. Based on this study, a 
heating time of 5 minutes appeared to be appropriate for optimal recovery of the targeted 
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analytes from HLG smokeless powder. As previously stated, NG can be seen as a nitrated 
adduct with m/z 288. The spectrum for NG was similar at each heating time (Figure 10). 
In the positive ion mode, only DPA, EC, and DBP were observed at 1.25 minutes; 
however, their abundance was low relative to the DART background ions. AK-II was not 
observed until a heating time of 2.5 minutes was employed and its sensitivity increased 
relative to the other ions as the heating time increased (Figure 9). Although all of the 
targeted analytes could be collected using a heating time of 2.5 minutes, 5 minutes was 
more appropriate because it provides a longer heating time for collecting compounds, for 
instance, that are either present in low abundance or have low vapor pressure. Based on 
the temperature and time study, a heating temperature of 110°C and a heating time of 5 
minutes were determined as the optimal conditions for dynamic headspace sampling of 
HLG smokeless powder. 
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Figure 10: Representative negative ion mass spectra of HLG smokeless powder at 5 
different sampling times.  
 3.1.2. Optimization of Flow Rate 
 The third parameter evaluated for dynamic headspace concentration was vacuum 
flow rate. In a negative pressure system, a vacuum is used to evacuate the headspace 
vapors from the headspace of the paint can. Vacuum flow rate is another crucial 
parameter that affects the performance and collection efficiency of targeted analytes in 
dynamic headspace. A high flow rate tends to result in breakthrough, a phenomenon 
where the adsorbent insufficiently captures targeted compounds because the headspace 
vapors are drawn through too quickly, resulting in an insufficient “residence” time for the 
compounds to interact with the adsorbent
60
. Breakthrough can also occur when the wire 
mesh is saturated with analytes that have a greater affinity for the Carbopack
TM
 X 
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adsorbent, resulting in the loss of the analytes that have a lower affinity for the 
adsorbent
60
. Given the construction of the wire mesh, breakthrough is always observed 
because of the transparency of the wire mesh. A flow rate that minimized the loss of 
targeted analytes was therefore investigated. 
Flow rate and sampling time are dependent variables. For high flow rates, 
extraction time (i.e. length of heating) can be decreased and vice versa
60
. ASTM 
recommends a flow rate of 1 L/min; however, the lowest flow rate the vacuum pump 
permitted was 3 L/min. As a result of increasing the flow rate, a sampling time of 5 
minutes was used to evaluate the flow rate. Furthermore, 5 minutes was determined as the 
optimal sampling time in the previous study using a flow rate of 3 L/min. 
 Three flow rates were evaluated using a heating temperature of 110°C and a 
heating time of 5 minutes: 3, 4 and 5 L/min. Flow rates higher than 5 L/min were not 
evaluated because 5 L/min was significantly higher than the recommended 1 L/min and 
analyte loss was observed for several analytes in the positive ion spectra at flow rates 
higher than 3 L/min (Figure 11). The abundance of AK-II, EC and DBP, decreased as the 
flow rate increased. Loss of NG did not appear to occur as the negative ion spectra at all 
three evaluated flow rates were similar (Figure 12). The results from this study suggested 
an optimal flow rate of 3 L/min since all of the targeted analytes were observed and in the 
highest abundance using this flow rate. 
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Figure 11: Representative positive ion mass spectra of HLG smokeless powder that 
were sampled at 3 different flow rates for 5 minutes with a temperature of 110°C. 
 
Figure 12: Representative negative ion mass spectra of HLG smokeless powder that 
were sampled at 3 different flow rates for 5 minutes with a temperature of 110°C. 
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 3.1.3. Development of DART Parameters 
After optimizing the dynamic headspace parameters, the next step was to optimize 
the parameters of the DART ionization source. Successful recovery and detection of 
analytes using dynamic headspace concentration and DART-MS depend upon both the 
ability to adsorb them onto the adsorbent as well as the ability to desorb them for 
detection. Desorption is a key component in the detection process of DART-MS. If they 
are too strongly adsorbed to the adsorbent, they won’t be detected. 
Desorption of analytes from adsorbent materials can be generally achieved with 
either solvent desorption or thermal desorption
46
. Certain adsorbent materials, such as 
Tenax, do not resist solvents very well and the Tenax polymer is completely soluble in 
carbon disulfide
60
. In such cases, thermal desorption is employed. Thermal desorption is 
often achieved using a thermal desorber. However, DART eliminates the need for such 
equipment as it serves as a thermal desorber in addition to an ionization source. A DART 
source temperature of 200°C has been utilized for the thermal desorption of analytes from 
the Carbopack
TM
 X coated wire mesh. It was also crucial to evaluate other desorption 
temperatures to ensure that all analytes are efficiently desorbed with minimal 
degradation. 
In this study, three DART source temperatures were evaluated to determine the 
desorption efficiency of the analytes in HLG smokeless powder from the Carbopack
TM
 X 
coated wire mesh. Source temperatures of 100, 200 and 300°C were evaluated. 
Additional source temperatures of 150 and 250 °C were also evaluated but no noticeable 
differences were observed with an increase of 50°C. Samples of HLG (5 mg) were 
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extracted using dynamic headspace concentration with the optimized parameters of 
110°C, 3 L/min and 5 minutes. The mesh were subsequently desorbed and analyzed using 
the three source temperatures. The resulting data showed that all of the targeted analytes 
in HLG smokeless powder were detected using a source temperature of 200°C (Figure 
13b and Figure 14b).  
 
Figure 13: Representative positive ion mass spectrum of HLG using DART source 
temperatures of 100°C (A), 200°C (B) and 300°C (C) for desorption. 
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Figure 14: Representative negative ion mass spectrum of HLG using DART source 
temperatures of 100°C (A), 200°C (B) and 300°C (C) for desorption. 
All analytes but NnDPA were detected at 100°C (Figure 13a and Figure 14a). At 
300°C, all analytes except EC and NnDPA were detected (Figure 13c and Figure 14c). 
Although the NnDPA molecular ion, which has a mass-to-charge ratio of 199, was not 
detected at 200°C, TPH was detected at this temperature. TPH indicates the presence of 
NnDPA at 200°C whereas it could not be distinguished from the noise at 100°C and 
300°C (Figure 15). 
The results of this study suggest that a DART source temperature of 200°C was 
most appropriate for desorption. Generally the sensitivity for each analyte was highest at 
200°C, which can be seen in the EIC of DPA, TPH and NG (Figure 15-Figure 17). A 
source temperature of 100°C did not appear to completely desorb all of the analytes. 
Conversely, a source temperature of 300°C may have desorbed all of the analytes, but the 
abundance of every analyte was lowered. This is likely attributed to the thermal 
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degradation of the analytes caused by the higher source temperature. Although the DART 
source can operate at temperatures higher than 300°C, those temperatures were not 
explored because the affinity of the Carbopack
TM
 X for the additives and energetic 
material in HLG smokeless powder did not require temperatures greater than 200°C to 
desorb them. Furthermore, higher temperatures would likely cause thermal degradation of 
the analytes.  
 
Figure 15: Representative EIC of tetraphenylhydrazine (m/z 337) that was desorbed 
using DART source temperatures of 100°C, 200°C and 300°C. 
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Figure 16: Representative EIC of diphenylamine (m/z 170) that was desorbed using 
DART source temperatures of 100°C, 200°C and 300°C. 
 
Figure 17: Representative EIC of nitroglycerin (m/z 288) that was desorbed using 
DART source temperatures of 100°C, 200°C and 300°C. 
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 3.1.4. Optimization of Heating Temperature Using the PowrTrol Controller 
 As previously stated, it was difficult to provide precise heating between samples 
with the CT101 temperature controller because the heat applied to the mantle was a 
response to the temperature measured by a thermocouple. The temperature reported by 
the thermocouple decreased each time a paint can was placed into the heating mantle 
because the can absorbed some of the heat, resulting in an increased amount of heat 
applied to the mantle and an overshoot of the set temperature. All of the samples that 
were extracted with dynamic headspace concentration using this controller were carefully 
performed using proper techniques that were acquired through repeated testing to ensure 
reproducible results. For instance, the controller was always set to 110°C for every 
sample; a negative control was used to pre-heat the mantle to 110°C before a sample was 
placed in; and the thermocouple was inserted into the same location within the mantle. 
Data acquired using this approach was reliable but caused some concerns with 
reproducibility. However, it was crucial to acquire a controller that could provide more 
precision in heating each sample, especially for generating data for offline chemometric 
analysis using Analyze IQ. 
The PowrTrol controller was obtained to provide precise heating of each sample. 
Using this controller, the amount of heat applied to the mantle was controlled by a 
constant voltage and therefore it does not respond to the changes in temperature when a 
paint can is placed into the mantle. The temperatures chosen for this study were 
approximately 148°C, 160°C and 172°C because the thermocouple often reported actual 
temperatures between 150°C and 160°C in the mantle when using the CT101 heating 
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controller even though the temperature was set at 110°C. In addition, the paint cans were 
heated more quickly with the CT101 controller in order to get the paint can to reach the 
desired temperature as quickly as possible because the amount of heat applied to the 
mantle was in response to the thermocouple reading. In order to compensate for the slow 
but consistent heating associated with the PowrTrol controller and maintain a sampling 
time of 5 minutes, a higher temperature was chosen in order to achieve the optimal 
temperature inside the paint can to volatilize the analytes within 5 minutes. 
 
Figure 18: Representative positive ion mass spectra of HLG smokeless powder at 
148°C (A), 160°C (B) and 172°C (C). 
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Figure 19: Representative negative ion mass spectra of HLG smokeless powder at 
148°C (A), 160°C (B) and 172°C (C). 
 All of the targeted analytes in HLG were detected after dynamic headspace 
sampling at each temperature, as evident in Figure 18 and Figure 19. Although not shown 
in each positive ion spectrum, NnDPA was recovered at all temperatures and was 
observed as the ion of m/z 199, 337 or both. The positive ion spectra were all comparable 
to the one obtained at 110°C with the CT101 controller. The recovery of NG was also 
comparable at all three temperatures and also comparable to the recovery obtained using 
the CT101 controller. Based on these results, a temperature range of 150-172°C was 
appropriate for extracting smokeless powder using dynamic headspace concentration and 
Carbopack
TM
 X coated wire mesh. It is difficult to choose one temperature that would 
provide optimal results for a wide range of smokeless powders but this range should 
provide sufficient recovery of the additives and energetic material from other smokeless 
powders. 
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3.1.5. Validation of the Optimized Dynamic Headspace Concentration Method  
The optimized dynamic headspace parameters of 150°C, 3 L/min and 5 minutes 
were validated using the NIST RM 8107 standard. Prior to 2006, there were no reference 
standards for quality assurance of smokeless powder measurements. In response to the 
measurement disagreements from many laboratories, the RM 8107 Additives in 
Smokeless Powder reference material was developed by NIST to provide reference 
values with uncertainties less than 5% for four key additives: nitroglycerin, 
diphenylamine, N-nitrosodiphenylamine and ethyl centralite
2
. This standard was 
examined using both DART-MS and GC-MS to validate the dynamic headspace method. 
In addition, HLG smokeless powder was analyzed by GC-MS to validate the DART-MS 
results. 
Approximately 10 mg of NIST RM 8107 standard was extracted using dynamic 
headspace with the optimized parameters and analyzed by DART-MS using the DART-
SVP coupled to an LCQ Deca mass spectrometer. It was found that the ions for all four 
key additives in the reference standard were observed and efficiently captured with 
Carbopack
TM
 X coated wire mesh using dynamic headspace with the specified optimized 
parameters. They were also effectively desorbed and detected with good sensitivity by 
DART-MS using a source temperature of 200°C, evident in Figure 20a. DPA, NnDPA, 
EC were detected in the positive ion mode as ions of m/z 170, 199 and 337 and 269, 
respectively. NG was detected in the negative ion mode as a nitrated adduct with m/z 288 
(Figure 20b).  
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Figure 20: Representative positive ion spectrum (A) and negative ion spectrum (B) 
of the NIST RM 8107 reference standard. 
The results obtained with DART-MS for HLG smokeless powder and NIST RM 
8107 standard were further validated by comparing the results obtained by DART-MS 
with those obtained by GC-MS, which is a well-established, confirmatory technique for 
smokeless powder. Similar results were achieved with the exception of two analytes: 
NnDPA and AK-II (Figure 18, Figure 19 and Figure 21). Both AK-II and NnDPA from 
HLG, and NnDPA from the RM 8107 standard (Figure 23) were not detected by GC-MS. 
They were, however, detected by DART-MS. Both AK-II
61
 and NnDPA
59
 are thermally 
labile compounds, and therefore are not amenable to GC-MS. NnDPA, however, is 
capable of being detected by GC-MS but it can’t be distinguished from DPA because it 
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decomposes readily, even at low injection port temperatures, to produce DPA
59
. NnDPA, 
as previously stated, can form tetraphenylhydrazine through a reaction between two 
diphenylnitrogen free radicals that are formed from the thermal decomposition of 
NnDPA
59
. Both the molecular ion of NnDPA and TPH are amenable to analysis by 
DART-MS. With DART-MS, both AK-II and NnDPA were readily detected and NnDPA 
was easily distinguished from DPA. 
 
Figure 21: Representative GC TIC of HLG smokeless powder obtained using the 
EXP.M method. 
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Figure 22: Representative GC-MS mass spectrum of HLG obtained using the EXP. 
M method. Spectrum is averaged across entire GC TIC. 
Although NG was detected by GC-MS using the EXP.M method, it was difficult 
to identify nitroglycerin using its respective mass spectrum. As seen in Figure 22, the ion 
of m/z 76, attributed to nitric acid ethyl ester, is the predominant ion in the mass spectrum 
of NG. Though it is a mass spectrum that was averaged across the entire GC TIC of 
HLG, the molecular ion for NG was not observed. This is due to the fact that NG is 
thermally degraded in the GC injection port. Unless a NG standard was analyzed to 
obtain a known retention time for NG or a library to associate the mass spectrum of NG 
to a known spectrum, it is difficult to accurately identify NG. In this study, the mass 
spectrum for NG was compared against the NIST database to confirm its identification. 
Conversely, NG can be more accurately identified using its nitrated adduct, molecular ion 
and the nitrate ion observed in DART-MS spectrum. 
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Figure 23: Representative GC TIC of the NIST RM 8107 smokeless powder 
standard obtained using the EXP.M method. 
 
 
Figure 24: Representative GC-MS mass spectrum of the NIST RM 8107 obtained 
using the EXP. M method. Spectrum is averaged across entire GC TIC. 
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3.2. Comparison of DART-MS and GC-MS 
Generally the results obtained by DART-MS were comparable to the results 
obtained by GC-MS. The molecular ion in a mass spectrum produced by DART is 
oftentimes a protonated molecular ion or a deprotonated ion. This results in a molecular 
ion that is 1 amu greater (if protonated) or 1 amu less (if deprotonated) than the molecular 
mass of the compound. Conversely, the mass-to-charge ratio of the molecular ion 
observed in GC-MS with electron impact ionization is equivalent to the nominal mass of 
the compound. This is illustrated in Figure 20 and Figure 24. For example, DPA is 
observed as ion of m/z 170 with DART-MS and as ion of m/z 169 by GC-MS. 
One primary difference observed between the two techniques from the studies 
conducted in this research was in their ability to detect NnDPA and AK-II. NnDPA is a 
nitro derivative of DPA that is commonly observed in aging smokeless powders. It is 
formed when DPA neutralizes the acids produced from the degradation of NG. DPA 
tends to capture free nitrate ions liberated from the chemical reaction between the acids 
produced and atmospheric water. NnDPA was not detected by GC-MS because it readily 
decomposes to DPA in the injection port. It is unclear as to the reason why AK-II was not 
observed. One possible explanation is that AK-II can’t be ionized by electron impact 
ionization. Having the capability to detect analytes that are not amenable to GC-MS is 
important, especially when trying to discriminate between two very similar but different 
powders that appear identical by GC-MS. 
The second difference between these two techniques was the time required for 
analysis. With GC-MS, each sample required a 30-minute chromatographic separation 
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using the EXP.M method. A 30-minute blank run was also required in between each 
sample in addition to a 6-minute solvent delay. Considering everything together, 
approximately 60 minutes was required before the next sample was analyzed when the 
EXP.M was employed. Analysis by DART-MS, however, requires only a few seconds 
per sample. Carbopack
TM
 X coated wire mesh were each analyzed in under a minute 
using the linear rail at 1 mm/s. As a result, 30 samples can be analyzed with DART-MS 
in the same amount of time that would be required for one sample by GC-MS using the 
EXP.M method. 
3.3. Examination of Smokeless Powder Recovery Using Carbopack
TM
 X 
 The recovery of the additives and energetic material in HLG smokeless powder 
using Carbopack
TM
 X coated wire mesh and dynamic headspace has been repeatedly 
demonstrated. The next step was to evaluate the robustness of this method by recovering 
targeted analytes from smokeless powders other than HLG. To simulate the types of pre-
and post-blast evidence recovered from a crime scene, both unburnt and burnt powders 
were extracted using dynamic headspace with the optimized parameters of 110°C, 3 
L/min and 5 minutes and analyzed by DART-MS.  
 3.3.1. Unburnt Smokeless Powder 
The optimized dynamic headspace method was applied to six smokeless powders 
to evaluate its performance for recovering targeted analytes from powders other than 
HLG. The generated CAS profile for each powder was then compared in an effort to 
discriminate the powders. Six different brands of unburnt smokeless powders were 
successfully characterized and differentiated after extraction with dynamic headspace 
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concentration and analysis by DART-MS. Each powder had its own unique CAS profile, 
which permitted differentiation of the powders (Figure 25 and Figure 26).  
 
Figure 25: Representative positive ion spectra of 7 unburnt smokeless powders obtained 
with DART-MS. 
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Figure 26: Representative negative ion spectra of 7 unburnt smokeless powders 
obtained with DART-MS. 
 
DPA and EC were the two most commonly observed analytes and were present in 
six of the seven smokeless powders (Figure 25). However, they were present at different 
concentrations relative to the other analytes in the powders. The mass spectrum of AR 19 
and HLE were very similar (Figure 25 and Figure 26) but they can be differentiated by 
the ion of m/z 307 in the spectrum of AR 19, which is attributed to diisopentyl phthalate 
(DIPP). The ions of m/z 185, 203, 259, 315 and 329 that are present in the positive ion 
spectrum for each powder are ions that were also observed in the negative control.  
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Six of the seven powders except for IMR 7828 contained NG (Figure 26). IMR 
7828 instead contained TNT and 2,4-DNT, which were observed as deprotonated 
molecular anions [M-H]
-
 with m/z 226 and 181, respectively
24, 42, 62
. Additional signatures 
that were characteristic of TNT and 2,4-DNT were ions of m/z 197 and 151, 
corresponding to the fragments TNT-NO
24
 and 2,4-DNT-HNO
62
, respectively (Figure 
26). The ion of m/z 166 appeared to be an ion characteristic of 2,4-DNT but it was one 
amu higher than a commonly observed fragment ion for 2,4-DNT, [M-OH]
-
, which has 
m/z 165
62
. Further analysis of IMR 7828 using the Exactive Plus mass spectrometer, an 
accurate mass and high resolution mass spectrometer, showed that the ion of m/z 
166.0134 was a characteristic ion of 2,4-DNT. The accurate mass of this ion suggested a 
formula mass of C7H4NO4. This ion was likely attributed to the adduction of NO2
-
 to 2,4-
DNT followed by a loss of a hydrogen atom and two NO molecules. In addition, the ion 
of m/z 166 has been reported as a fragment ion of TNT
12
; however, the data obtained 
from the Exactive Plus mass spectrometer suggested that IMR 7828 likely contained only 
2,4-DNT. The predominant ion observed in the spectrum was the ion of m/z 181.0246, 
which is the molecular ion of 2,4-DNT (Figure 27). The second most abundant ion was 
the ion of m/z 198.0272, which is attributed to the hydroxyl adduct of 2,4-DNT 
([M+OH]
-
). The ion of m/z 226.0100 and 197.0196 were present as low abundant species 
and are attributed to TNT and the loss of a nitrogen oxide group from TNT, respectively. 
The low abundance of these two ions in addition to the fact that TNT is commonly found 
in triple-base smokeless powders highly suggest that the TNT ion observed in the 
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spectrum of IMR 7828 was a nitrate adduct of 2,4-DNT rather than an individual 
component of the powder. 
 
Figure 27: Representative negative ion mass spectrum of IMR 7828 obtained using 
the Exactive Plus mass spectrometer. 
3.3.2. Burnt Smokeless Powder  
 Burnt smokeless powder samples were prepared using the following weights: 5, 
15 and 50 mg of smokeless powder. Burnt residues were prepared with 5 mg of powder 
to determine if any analytes could be recovered since only 5 mg was needed for unburnt 
powder. The remaining two weights were chosen to examine if analytes could be 
recovered using greater amounts of powder. The hypothesis was that burnt samples 
require a greater amount of starting material because the analyte concentration was 
expected to decrease significantly due to thermal degradation. Initial examination of 
burnt smokeless powder samples that were prepared using 5 mg and 15 mg of powder 
determined that no analytes were recoverable from these samples. An example is shown 
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in Figure 28. The ions in these spectra were either DART background ions or ions that 
were present in the negative control. However, all of the targeted analytes in HLG were 
recovered when 50 mg of powders were used. Thus moving forward, a quantity of 50 mg 
or greater was used to prepare burnt smokeless powder samples.  
 
Figure 28: Representative positive (A) and negative (B) ion spectrum of 5 mg of 
HLG smokeless powder that was burned with an open source flame. 
The CAS profile for each of the five burnt smokeless powders generated by 
DART-MS permitted differentiation of the five powders (Figure 29 and Figure 30). 
Although the powders were burnt, the same analytes that were observed in the unburnt 
powders were generally also seen in the burnt powders but in significantly lower 
abundance. The burning of the powders resulted in lower analyte abundance as well as 
reduced signal-to-noise ratio. The amount of DPA (m/z 170) recovered after the powders 
were burnt was significantly lowered compared to the unburnt powders (Figure 25 and 
Figure 29). The amount of AK-II (m/z 227) in the HLG smokeless powder was also 
significantly reduced (Figure 26 and Figure 29). The molecular ion of NG was not 
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observed in both Winchester Ball powders but was observed in the ARD and HLG 
powders (Figure 30). However, the presence of nitrate (m/z 62) suggested the presence of 
NG. Normally the presence of the nitrate ion does not indicate the presence of NG 
because there are various sources that can produce nitrate ions. In this case, however, it 
was known that NG was present in these smokeless powders, and therefore it was likely 
that the nitrate ion was the result of the thermal degradation of NG. Interestingly, the 
negative ion spectrum for IMR 7828 was remarkably similar to its unburnt spectrum, 
which could be attributed to its high 2,4-DNT content.  
 
Figure 29: Representative positive ion spectra of 5 burnt smokeless powders 
obtained with DART-MS. 
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Figure 30: Representative negative ion spectra of 5 burnt smokeless powders 
obtained with DART-MS. 
 This study served to determine the minimum quantity of powder required to 
prepare burnt reference samples for constructing predictive models using Analyze IQ 
Lab. It was determined that at least 50 mg of smokeless powder was required to prepare 
burnt samples for Analyze IQ. Although the concentrations of the analytes recovered 
from burnt residues made from 50 mg of smokeless powder were low, the same analytes 
that were observed in the unburnt powders were recovered from the burnt powders. Table 
5 shows the results for seven unburnt and burnt smokeless powders. The results from this 
study also demonstrated that the ability to differentiate smokeless powder from burnt 
residues was possible and that employing predictive models to classify the presence of 
these powders would be promising. 
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Table 5: Comparison of the analytes recovered from 7 unburnt smokeless powders, 
and from 7 burnt smokeless powders that were each prepared with 50 mg of 
powder. 
  ARD AR 19 HLE HLG IMR 7828 WB 296 WB 760 
Compound U B U B U B U B U B U B U B 
AK –II             
  
            
DBP                     
DIIP     
  
                    
DPA 
      
  
    
EC 
NnDPA         
NG       
2,4-DNT                 
  
        
2,4,6-TNT                         
B: Burnt 
U: Unburnt 
 
3.4. Chemometric Analysis of Smokeless Powder Using Analyze IQ Lab 
 The objective of developing predictive models using Analyze IQ Lab was to use 
the models to accurately predict the presence and identity of unknown smokeless powder 
residues that would be recovered from a crime scene. Specifically, models were 
constructed to identify the presence of AR 19, HLE and WB 296 smokeless powders. 
These three powders were selected for chemometric analysis because of their similar 
chemical composition (Figure 31). AR 19 only differs from HLE and WB 296 by one 
analyte. Diisopentyl phthalate (DIPP), which is observed as the ion of m/z 307, is present 
in AR 19 but absent in HLE and WB 296. HLE and WB 296 have near identical positive 
ion mass spectra. The only noticeable difference is the abundance of DPA. The goal was 
to test the ability of the models to classify and discriminate three closely related 
smokeless powders. Numerous models that employed SAV and SVM algorithms were 
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constructed using a variety of data pre-processing techniques. For the purpose of this 
thesis, data obtained from only the models that had the highest performance (i.e. lowest 
k-cross validation error rate) are reported. 
 
Figure 31: Representative positive ion mass spectrum of unburnt AR 19 (A), WB 
296 (B) and HLE (C) smokeless powder. 
Models were constructed using positive ion mass spectra from 90 burnt smokeless 
powder reference samples, 30 of which were used as spectra that are considered positive 
for one powder. The remaining 60 were used as spectra that are considered negative for 
the powder. In order to determine the best machine learning algorithm for the predictive 
classification of the three smokeless powders from unknown burnt residues, each 
algorithm was evaluated using the default values. The default values for the algorithms 
were further optimized for the models that had the lowest cross-validation error rate. 
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Once the parameters for the algorithms were optimized, pre-processing techniques were 
applied to the data to determine if it would increase the performance of the model.  
3.4.1. Evaluation of Data Pre-processing Methods and PCA 
 Data pre-processing techniques allow the user to make the data more suitable for 
model building and improve the predictive performance of the models. The techniques 
that were employed for this research were: smoothing, first derivative, normalize and 
“internal standard normalize”. Numerous combinations and permutations of these 
techniques were applied and evaluated.  
 Smoothing is a method for removing small, high frequency fluctuations in the 
data. This method was employed due to the fact that small, high frequency fluctuations 
are often times observed in the DART background due to subtle changes in the 
surrounding ambient air. The DART spectrum of the ambient air, which was used as the 
spectrum for background subtraction, can vary during different times of the day and it 
can also vary between days. First derivative is a method that is strongly related to 
smoothing. A zero-order derivative is equivalent to smoothing. This method was chosen 
to remove baseline effects
54
 . 
 Normalization is a method that re-scales each sample so that the lowest point for 
each sample corresponds to zero and its highest corresponds to one
54
. This was chosen 
because it allowed for the reduction of the variances in mass spectral abundances, which 
can occur with DART ionization because of the changes to the distance between the 
DART ion source and the mass spectrometer inlet and changes in gas flow rates
63
. 
“Internal standard normalize” is similar to the standard normalization except that it re-
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scales only a point at the specified X value to 1 rather than the entire spectrum
54
. This 
method is typically employed when a specific peak in a spectrum corresponds to a known 
and constant component. This method was chosen to normalize a specific component that 
was associated with one particular powder. For instance, AR 19 contains a known and 
constant ion of m/z 307 that is not observed in WB 296 and HLE. This ion was used as 
the internal standard to which all other spectra were normalized.  
Table 6: Percentage cross-validation error rates for different combinations of 
machine learning algorithms and pre-processing methods for AR 19 smokeless 
powder. 
                             Pre-processing Technique 
Method Smooth 
First 
Derivative 
Normalize 
IS 
Normalize
a 
# (or 
average) 
incorrect 
% Error 
Polynomial Kernel 
SVM 
Yes Yes No Yes 10.6 
5.89       
(C=5) 
RBF Kernel SVM 
Euclidean Distance Yes No Yes No 11 
6.11 
(C=1000) 
RBF Kernel SVM 
Weighted Spectral 
Distance 
Yes No Yes No 12 
6.67 
(C=100, 
σ=0.01) 
Sigmoid Kernel 
SVM 
Yes No Yes No 60 
33.33    
(C=1) 
Weighted Spectral 
Linear SVM 
Yes Yes No Yes 11 6.11 
(C=0.5) 
Spectral Attribute 
Voting 
Yes Yes No Yes 15.8 8.78 
(     ) – Method parameters 
a
DIPP (m/z 307) was used as the internal standard  
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Table 7: Percentage cross-validation error rates for different combinations of 
machine learning algorithms and pre-processing methods for AR 19 smokeless 
powder when PCA was applied. 
                   Pre-processing Technique 
Method Smooth 
First 
Derivative 
Normalize # of PC 
# (or 
average) 
incorrect 
% Error 
Polynomial Kernel 
SVM 
Yes No Yes 50 10.2 
5.67               
(C=0.1) 
RBF Kernel SVM 
Euclidean Distance Yes No Yes 50 21.4 
11.89         
(C=1) 
RBF Kernel SVM 
Weighted Spectral 
Distance 
Yes No Yes 5 33.2 
18.44             
(C=1, 
σ=0.01) 
Sigmoid Kernel 
SVM 
Yes No Yes 50 69 
38.33       
(C=10) 
Weighted Spectral 
Linear SVM Yes No Yes 100 13.8 
7.67      
(C=0.1) 
 
 All SVM kernels were evaluated with and without data pre-processing. Data pre-
processing methods were applied after the kernel parameters were optimized. The 
complexity factor (C) for all kernels were optimized to obtain the lowest error rate. In 
addition to C, the kernel width (σ) was optimized for the weighted spectral distance 
kernel. The default complexity value was 1 and the value was increased or decreased by a 
factor of 10 until the best result was obtained. Data pre-processing methods were 
subsequently applied to further lower the error rate. After building a number of models, it 
was determined that all SVM kernels, except for the sigmoid kernel, were most 
appropriate for predicting the presence of AR 19 smokeless powder (Table 6). The 
parameters used to achieve the best results are shown in parentheses. Similar results were 
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obtained for WB 296 and HLE; however, only the results for AR 19 are shown. It was 
generally observed that data pre-processing had a larger influence in lowering the error 
than the parameters associated with the algorithm. In some cases, the error rate was 
significantly lower when smoothing, normalization, first derivative and internal standard 
normalization were applied. Adjusting the algorithm parameters only had a minor impact 
on improving the performance of the model. Error rates around 6% were generally 
achieved, which were acceptable for a preliminary study. However, lower error rates 
were desirable.  
PCA was then applied to the same machine learning algorithms to examine if it 
lowered the error rate by decreasing the dimensionality of the data. The hypothesis was 
that PCA would not be significant in lowering the error rate because SVM are designed 
to work with high dimensional data. The resulting data supported the hypothesis since 
there was no significant improvement to the error rate when PCA was applied (Table 7). 
To confirm the PCA results, PCA was performed on the model training data set 
for AR 19, HLE and WB 296 using IBM SPSS Statistics. The PCA scores were plotted 
for the first three principal components (Figure 32). The PCA results showed clustering 
and separation of two of the three smokeless powders when projected into three principal 
components. The PCA plot showed clustering of AR 19 as well as clustering of HLE and 
WB 296. From the plot, it was evident that AR 19 was separated from HLE and WB 296. 
However, HLE and WB 296 were clustered together, indicating that these two powders 
were separated from AR 19 but not from each other. This is attributed to the near 
identical chemical composition of HLE and WB 296. Since the only difference between 
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the two powders was the abundance of two analytes (DPA and EC), they were not 
separated using PCA because abundance was not a factor in the PCA analysis. 
Conversely, the chemical composition of AR 19 is similar to HLE and WB 296 except 
AR 19 contains an additional ion of m/z 307 (DIPP), which permitted separation from 
HLE and WB 296 as shown Figure 32. This indicates that DIPP is an important signature 
for separating and identifying AR 19.  
Samples that did not cluster together and were scattered in between the two major 
clusters corresponded to burnt AR 19 and HLE powder residues that were prepared with 
a low quantity of unburnt powder (i.e. 20 mg and 100 mg). When a low quantity of 
unburnt powder is burned, the mass spectrum could appear similar due to the loss of 
targeted analytes. As a result, the mass spectrum becomes similar due to the contributions 
from the DART background and chemical noise. For instance, the spectrum of AR 19 
will be similar to HLE and WB 296 if DIPP was absent because DIPP is unique to AR 
19. The results of PCA plot further support the lack of improvement in the error rates 
when PCA was applied to the models. 
   
83 
 
 
Figure 32: Principal component analysis of AR 19, HLE and WB 296 smokeless 
powders projected into a three dimensional plot, which shows separation and 
clustering between two of the three powders.  
SAV is a propriety classification machine learning algorithm developed by 
Analyze IQ. Although it can’t be used for quantitative analysis, SAV is a good method 
for qualitative classification
54
. It is an ensemble-based approach that uses the shape of the 
spectral profile and accounts for locally correlated nature of spectra in the generation of 
models
54
. It has been reported to have lower error rates in comparison to established 
chemometric techniques and SVMs
56
. Thus, SAV was expected to perform as well as 
AR 19 HLE WB 296
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SVM, if not better. The results, however, show that most of the models using SVM 
performed better than SAV (Table 6). 
3.5. Forensic Application: Blind Study 
3.5.1. Blind Study 
One of the final parts of this research involved evaluating the ability of the 
predictive models to identify smokeless powders from burnt residues. This study was 
conducted in an effort to demonstrate the utility of dynamic headspace DART-MS with 
subsequent chemometric analysis in a practical scenario. A blind approach was taken to 
mimic the analysis of post-blast residues. Fifty, unknown, simulated post-blast, 
smokeless powder-like residues were prepared by a volunteer at Northeastern University. 
The samples were extracted using the dynamic headspace concentration procedure and 
subsequently analyzed by DART-MS. The data was converted and transferred into 
Analyze IQ for analysis. 
Each of the SVM models that had a cross-validation error rate (i.e. training error 
rate) lower than 7% was used to analyze the unknown samples. The same pre-processing 
methods that were used to process the training data were also applied to the data of the 
unknown samples. The resulting performances of the models for classifying the unknown 
samples were initially poor. High error rates (i.e. testing error rate) were associated with 
the classification of all three powders, particularly WB 296 and HLE. The latter was 
expected given their similar chemical composition. Generally there were more false 
positives than false negatives.  
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Efforts were later made to re-examine the models in order to refine the models, 
improve the performance and reduce the number of false positives and false negatives. It 
was discovered that the order in which the pre-processing methods were applied had a 
significant impact on the model’s performance. Applying smoothing first followed by 
internal standard normalization rather than using internal standard normalization as the 
first method, for instance, significantly reduced the cross-validation error rate and the 
testing error rate. The models that employed SAV were most affected by this change 
whereas only a few of the SVM models improved. Although this change in order of pre-
processing methods improved the performance of the SAV models, the error rate for the 
models for WB 296 and HLE were still at least 10%. Further examination of the training 
samples that resulted in either a false positive or negative revealed that most of the 
samples contributing to the high error rates were samples that were prepared in quantities 
of 50 mg. The spectra for the majority of these samples were poor. It was difficult to 
differentiate between the three powders because of the interfering DART background 
(BG) ions dominated the spectra. The DART background was thus subtracted from each 
of the samples in the training set and the models were rebuilt using the background 
subtracted data. The DART background was also subtracted from the unknown samples 
and the models were re-evaluated. 
The resulting data showed that a DART background subtraction improved the 
results of the models (Table 8). It was evident from the results that this process 
eliminated all of the false positives in the AR 19 and WB 296 model, and reduced the 
number of false negatives in the HLE model. The models were able to differentiate AR 
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19, WB 296 and HLE from smokeless powders that the models had not been trained with. 
In addition, the models correctly identified the presence of these powders in the samples 
that contained a mixture of powders. It should be noted that the models did not provide 
any information on whether the sample contained a mixture of two or more smokeless 
powders. The only errors came from the WB 296 and HLE models, which were expected. 
The chemical composition of these two powders, especially when burnt, often appears 
identical. In such cases, it is not possible to differentiate the two powders. 
Table 8: Model prediction results for three targeted smokeless powders using 
spectral attribute voting. 
   
Pre-processing 
Technique     
  Smokeless 
Powder 
 Model 
BG 
Subtract 
Smooth 
IS 
Normalize 
Training 
Error 
Testing 
Error 
# False 
Positives 
# False 
Negatives 
Alliant Reloder 
19 
SAV No 1st 
2
nd
 
(307.19) 
3.11% 8% 4 0 
Alliant Reloder 
19 
SAV Yes 1st 
2
nd
 
(307.19) 
1.33% 0% 0 0 
Winchester Ball 
296 
SAV No 1st 
2
nd
 
(269.16) 
6.67% 12% 4 1 
Winchester Ball 
296 
SAV Yes 1st 
2
nd
 
(269.16) 
7.11% 2% 0 1 
Hodgdon 
LEVERevolution 
SAV No 1st 
2
nd
 
(269.16) 
15.53% 10% 1 5 
Hodgdon 
LEVERevolution 
SAV Yes 1st 
2
nd
 
(269.16) 
11.11% 4% 0 2 
(     ) – point used to normalize the data. 
Percentages were calculated based on 50 samples. 
First and second refers to the order in which the pre-processing technique was performed. 
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 It was evident from the results that the models built using Analyze IQ performed 
exceptionally well provided that the proper pre-processing techniques are employed and 
the training data set includes a wide range of reference samples. The model’s 
performance is largely predicated on the type of samples used as the training set. A model 
will only perform as well as it is trained. Although these models were not trained with the 
most encompassing reference samples, the reference samples were sufficient to result in 
good predictive performance. Ideally one should train a model using hundreds of samples 
to increase performance. The results from this study demonstrate three models that can 
correctly identify and discriminate AR 19, HLE and WB 296 smokeless powder from 
unknown burnt residues with minimal error.  
3.5.2. Evaluation of Predictive Model Robustness 
There are numerous types and brands of smokeless powders available in the 
market. Smokeless powders other than the seven smokeless powders evaluated in the 
blind study can be encountered and found at a crime scene. In order to include a large 
variety of smokeless powders and to further test the performance of the predictive 
models, additional smokeless powders were obtained from ATF and tested. 
The ATF powders were analyzed using the SAV models for AR 19, HLE and WB 
296 with optimized pre-processing techniques because both the training and testing error 
rates were the lowest with SAV. The resulting data showed that the models designed to 
identify the presence of AR 19 and HLE correctly predicted the absence of AR 19 and 
HLE with an error of 0% (Table 9). However, the model for WB 296 predicted that WB 
296 was present when it was actually absent, resulting in false positives. This could be 
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attributed to the similar chemical composition between WB 296 and Winchester Ball 
Super Target AA (WBST AA). Little differences, if any, were observed in the positive 
ion mass spectrum of WB 296 and WBST AA. However, the model for HLE correctly 
predicted the absence of HLE given its similarity to both WB 296 and WBST AA. This 
could be attributed to the presence of DBP, which was observed as the ion of m/z 279 in 
positive ion mode. It was present in both WB 296 and WBST AA but not in HLE. DBP 
was primarily observed in WB 296 when 500 mg of powder was burned. Otherwise, DBP 
was not recovered because it is present in very small quantities. Hence, WBST AA is 
more similar to WB 296 in comparison to HLE, which is consistent with the model 
prediction results. 
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Table 9: Model prediction and performance when tested against the powders 
obtained from ATF. 
 
Model 
Smokeless Powder 
AR 19 
SAV 
HLE 
SAV 
WB 296 
SAV 
Alliant Green Dot – 1 No No No 
Alliant Green Dot – 2 No No No 
Alliant Green Dot – 3 No No No 
Nobel Sport AS 24 – 1 No No No 
Nobel Sport AS 24 – 2 No No No 
Nobel Sport AS 24 – 3 No No No 
Nobel Sport AS – 1 No No No 
Nobel Sport AS – 2 No No No 
Nobel Sport AS – 3 No No No 
Nobel Sport SP10 – 1 No No No 
Nobel Sport SP10 – 2 No No No 
Nobel Sport SP10 – 3 No No No 
Winchester Ball Super Target AA - 1 No No Yes 
Winchester Ball Super Target AA - 2 No No Yes 
Winchester Ball Super Target AA - 3 No No Yes 
Model Error 0% 0% 20% 
           Hyphenated numbers correspond to the replicate number. 
These results demonstrate the utility and robustness of predictive models in 
identifying a range of smokeless powder from burnt residues, including those that are 
unknown to the models. Although false positives were observed with the model for WB 
296, predictive models could be employed in conjunction with other techniques, such as 
microscopy, for the identification of an unknown, unburnt, smokeless powder. For 
instance, the model for WB 296 can be designed to identify the presence of either WB 
296 or WBST AA. The model will provide an analyst with the information that an 
unknown residue is either WB 296 or WBST AA. However, since the morphology of WB 
296 and WBST AA is different, they can be discriminated if unburnt powder was 
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recovered from the scene. Thus, the potential of applying chemometric analysis to 
DART-MS data of post-blast smokeless powders obtained from dynamic headspace 
extraction using Carbopack
TM
 X coated wire mesh is promising. 
 
4. CONCLUSIONS 
The utility of dynamic headspace concentration employing Carbopack
TM
 X coated 
wire mesh adsorbents for the rapid trace collection of smokeless powder and the 
analytical capabilities of DART-MS in generating pre- and post-blast chemical attribute 
signatures from smokeless powder collected from contrived pre- and post-blast residues 
is demonstrated. The data and results presented here demonstrate that the combination of 
using Carbopack
TM
 X coated wire mesh and DART-MS can potentially address the need 
for rapid screening/confirmatory techniques for forensic explosive-related samples 
containing smokeless powder. Carbopack
TM
 X showed good affinity and sensitivity for 
the additives and energetic materials found in smokeless powder. 
 In contrast to the common sampling methods of swabbing, swiping or tape lifting, 
targeted analytes in smokeless powder can be efficiently captured in only 5 minutes using 
dynamic headspace concentration and Carbopack
TM
 X coated wire mesh. Explosive 
materials that are not consumed after an explosive event can be blown by winds and 
deposited on nearby surfaces or absorbed into soil and water, and remain in these 
materials for long periods of time
24
. The potential application of this method to the rapid 
collection of trace explosive materials deposited or absorbed onto such nearby surfaces 
can be envisioned.  
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 In comparison to the GC-MS method requiring approximately 30 minutes per 
sample (excluding the time required for a solvent blank in between samples), DART-MS 
has been shown to permit analysis of the additives and energetic materials directly from 
the Carbopack
TM
 X coated wire mesh in less than a minute. Analytes can be directly 
desorbed from the wire mesh using DART, eliminating the need for further sample 
preparation. As a result, approximately 30 samples can be analyzed with DART-MS in 
the same amount of time that would be required for one sample by GC-MS using the 
EXP.M method. Furthermore, DART-MS permits the analysis of analytes that are not 
amenable to GC-MS. This is especially important when trying to discriminate between 
two very similar but different powders that would otherwise appear identical by GC-MS.  
 The speed and efficiency associated with both dynamic headspace concentration 
and DART-MS makes this approach an attractive alternative to IMS and lengthy GC- or 
LC-based methods for the trace analysis of smokeless powder. The use of portable 
vacuum pumps and heating mantles can permit on site sample preparation. The addition 
of chemometric analysis employing machine learning algorithms in a predictive model 
approach can maximize the amount of information obtained from the data generated by 
DART and permit discrimination of three smokeless powders with minimal error. In 
addition, it can increase the confidence in identifying unknown smokeless powders or 
post-blast residues. This approach combined with chemometric analysis demonstrated a 
robust approach that has great potential for permitting rapid field collection and 
laboratory analysis of smokeless powder, accelerating the speed of collection and 
characterization for explosive-related case samples.  
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4.1. Future Directions 
 Although the data and results from this research demonstrated the potential 
applicability of this approach to the analysis of smokeless powder, efforts are needed to 
further improve and refine this method. The dynamic headspace concentration parameters 
were optimized to one powder. Further research of the optimal parameters for each of the 
smokeless powders may provide better recoveries. In addition to optimizing the dynamic 
headspace parameters to individual smokeless powders, efforts are needed to further 
evaluate the dynamic headspace parameters. While this research did considered and 
evaluated events such as breakthrough, it was not explored in depth. For instance, 
multiple cassettes that are connected in-line to one another could be employed to evaluate 
breakthrough. 
 The recovery of the additives and energetic materials using dynamic headspace 
and Carbopack
TM
 X coated wire mesh were examined in a qualitative and semi-
quantitative approach. Efforts should be made to evaluate the recovery of the analytes in 
smokeless powder using a quantitative approach and determine if accurate quantitation is 
possible using this method. Reproducibility tests were also performed semi-
quantitatively. A more accurate representation of the reproducibility for the dynamic 
headspace method can be obtained through quantitation of the analytes using a calibration 
curve. Reproducibility is crucial for this approach to be a robust method employed for 
forensic analysis of smokeless powder. 
 While Carbopack
TM
 X was proven to be effective in capturing all of the targeted 
analytes in all of the smokeless powders evaluated in this research, it is important to 
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consider other adsorbents. Tenax TA and Carboxen 569 were initially evaluated and were 
shown to exhibit poor affinity for most of the analytes found in smokeless powder. Other 
adsorbents may exhibit greater affinity for targeted analytes and may yield better 
recoveries than Carbopack
TM
 X. 
 It would be valuable and interesting to examine the utility of this approach for 
more practical samples in comparison to burnt samples that were prepared in the 
laboratory. The next step would be to seek resources that would enable the analysis of 
actual fragments from an IED charged with smokeless powder. A device could be 
detonated by, for instance, a police department bomb squad to create evidence items that 
would actually be recovered from a crime scene. In this research, the smokeless powders 
were burnt on aluminum weighing dishes and immediately sealed. Any vapors that were 
still emanating from the residue were most likely trapped within the can. It would be 
valuable to examine whether or not a fragment containing burnt smokeless powder 
residue that has been exposed to the environment for certain periods of time before their 
collection would provide similar results to those generated from this research. On another 
note, it would be interesting to see if a particular smokeless powder can be identified 
through collecting the headspace vapors from the immediate vicinity. 
 Lastly, the chemometric approach using predictive models should be further 
studied. It should be noted that the method which the algorithms used to discriminate 
smokeless powder is not well understood. Additional studies can be conducted to obtain a 
better understanding of how these algorithms work. In addition, the three models that 
produced the best results in this research can be improved. As mentioned in Results and 
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Discussion section, the models were trained with only 90 samples. While it was sufficient 
to provide great results, the models could be improved by increasing the size and 
expanding the scope of the training set. This is important for distinguishing two 
smokeless powders with near identical chemical profiles. It should be noted that the 
training error rate (i.e. error obtained by cross-validation) was higher than the testing 
error rate (i.e. error rate obtained when models were applied to the unknown samples) for 
all three models. This was likely attributed to the small sample size of 50 unknown 
powders. A k-fold cross validation test selects a set of the training data consisting of 90 
samples and uses it as a validation data set. The remaining data are used as the training 
set and is tested against the validation set. The process is repeated X number of times 
depending on the number of folds and runs. It is hypothesized that the training error rate 
is higher because the validation test is more extensive and that the testing error rate 
would more closely resemble the training error rate if a large sample size was tested with 
the models. 
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